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ABSTRACT 
Extreme variation exists in hypotheses of the taxonomy, systematics and phylogeny of 
the phylum Nematoda. That nematodes are important and require a unified systematic 
approach is not in doubt; of the organisms that are not nematodes, few can avoid their 
influence one way or another. The vast majority of nematodes are free-living and 
although they represent a major component of interstitial ecosystems, their direct impact 
on humans is minimal and hence they remain largely unidentified. A notable exception 
is the model organism Caenorhabditis elegans, of which more is known than possibly 
any other eukaryote. Other nematodes, most notably parasites of plants and animals, 
have received widespread attention. In between, lie a myriad of life-history, 
developmental, ecological, structural, and functional relationships waiting to be resolved. 
This requires phylogeny. The data used to infer this phylogeny must be compiled from 
all available reliable sources. In this work, current molecular tools combined with 
analytical observation are used to address some important junctures in nematode 
evolution. These are assessed in terms of temporal and spatial radiations inferred by 
SSU rDNA phylogeny. An objective approach to phylogeny is implemented where no 
a priori assumptions are made on the data. Phylogenies, and underlying evolutionary 
models are statistically evaluated. Morphological and ecological corroboration for 
observed phylogenetic patterns is sought. This combined approach is essential to help 
reconcile taxonomy with a systematic approach based on an effective consolidated 
phylogenetic perspective. Special reference is made to Strongyloidoidea, and in 
particular the genus Strongyloides, for which a strategy is developed for extraction of 
quality DNA from formalin fixed samples. 
1 
I 	GENERAL INTRODUCTION 
1.1 	An overview of nematode systematics 
Current accepted classification of the phylum Nematoda is based on morphological and 
ecological traits, primarily in the context of free-living or parasitic phenotypes. Most 
nematodes have a basic anatomy and simple body plan. In spite or perhaps because of 
this they are incredibly diverse, and have radiated to encompass almost every ecological 
niche on the planet. Descriptions of morphology can be highly elaborate and often 
exquisitely illustrated. In producing a consistent phylogeny however, morphological 
approaches can be limiting for several reasons. Not least is the disagreement in 
resolution at fundamental levels evident in systematic studies based on morphology. In 
most major phylogenetic representations of the phylum, two classes are recognised; 
Adenophorea and Secementea. In some analyses (Lorenzen 1994) both classes are 
monophyletic, arising from a common ancestor. Another view holds that Adenophorea 
(or more specifically the Chromadorida) are paraphyletic and give rise to the 
Secementea (Maggenti 1963; Viglierchio and Gorz 1972; Gadea 1973; Anderson 
1992; Malakhov 1994) although this is not generally implicit in classification. The 
broad ecology of nematodes within each class supports the latter view. Adenophorea 
include a wide range of marine, freshwater and soil nematodes, but relatively few 
parasites of animals and plants, whereas Secernentea occur mostly in terrestrial habitats, 
and include a diversity of parasites as well as free-living groups (Anderson 1984). 
A free-living perspective 
Within the existing framework some common major groups are recognised. Malakhov 
(Malakhov 1994) recognises Enoplia, Chromadoria and Rhabditia, where Andrássy 
(Andrássy 1976) has Torquentia (= Chromadoria), Penetrantia (=Enoplia) and 
Secementia, and Gadea (Gadea 1973) has Enoplimorpha (=Enoplia) and 
Chromadorimorpha (=Chromadoria plus Secementea). While the paraphyly of 
chromadorids is not consistent in all the proposed schemes, enoplids, chromadorids 
and a secementean group are consistently recognised. At finer resolution there is less 
agreement. Malakhov's schema is criticised by Lorenzen as cladistically unsound as he 
(Malakhov) suggests that the orders Mononchida, Dorylaimida, Mermithida, 
Trichocephalida, Dioctophymida all arose from Enoplida. This, according to Lorenzen 
would mean that metanemes ('stretch receptors' discovered by Lorenzen) specific to 
Enoplida were secondarily lost in these other groups. Andrássy has suggested that 
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Enoplia and Chromadoria have more 'character constancy' as separate groups than 
together as Adenophorea although this has been heavily criticised by Lorenzen 
(Lorenzen 1994) and Coomans (Coomans 1977), as has Andrássy's view that 
Secernentea arose from within Plectida. Maggenti, on the other hand, concurred with 
Andrássy on the monophyly of a chromadoridlsecementean group but argued that 
comparison of the pharyngeal valves of Plectusparietinus and a Rhabditis sp. suggests 
a distant relationship (Maggenti 1983). Lorenzen pointed out that Plectus parietinus is 
not typical of all Plectidae, and that the type displayed by P. parvus is more similar to 
that of Rhabditidae or Panagrolaimidae than to P. parietinus (Lorenzen 1994). Clearly, 
much remains to be resolved about the origins of Secementea. This issue is discussed 
in detail later. 
A parasitic perspective 
Nematode animal-parasitic taxonomy in western societies is based mainly on the 'CIH 
Keys to the nematode parasites of vertebrates' edited by Anderson (Anderson, Chabaud 
et al. 1974-1983) in which most parasitic groups are placed in separate orders, while 
Russian authors refer to the seminal four-volume work by Skryabin et al (Skryabin, 
Shikhobalova et al. 1949). Although this serves to provide a working framework for 
the study of different parasites it may not reflect the true evolutionary history of the 
nematodes described and it gives little indication of the evolution and development of 
the parasitic phenotype. In the CIH classification system (Anderson, Chabaud et al. 
1974-1983) the order Enoplida contains the dorylaimids as the suborder Doiylaimina 
(Anderson and Bain 1982). The 'dorylaimines', which possess an odontostyle that is 
used to feed on small organisms and plants, are proposed by Anderson (Anderson 
1992) to give rise to four parasitic groups assigned superfamily status. Three 
superfamilies, Trichinelloidea, Dioctophymatoidea and Muspiceoidea contain vertebrate 
parasitic species and the fourth, Mermithoidea, contains mainly insect parasites. 
Malakhov has elevated these groups to order status, within a subclass Enoplia, with the 
exception of Muspiceoidea which he includes within the order Trichocephalida 
(Malakhov 1994). Members of Dioctophymatoidea and Muspiceoidea are now most 
often classified as Secernentean (Nickle 1991). Trichocephalida is of most interest to 
parasitologists. This order includes the families Trichurinae found in the large intestine 
of mammals, and Capillariinae, parasites adapted to a diverse tissue range in all 
vertebrate groups (Anderson 1992). The order Triplonchida has predominantly plant 
parasitic members and was classified as a superfamily or suborder within Dorylaimida 
until elevated to order status by Siddiqi (1980). 
3 
The parasitic nematodes of class Secementea are grouped by Anderson (Anderson 
1992) into different orders. Nematodes of the order Tylenchida (including tylenchs and 
aphelenchs by CIE classification) feed mainly on plant cells and fungi by means of a 
stomatostyle used to pierce cell walls. This order also contains parasites of insects. The 
order Rhabditida (sensu CIH system) includes many soil-dwelling saprophytic 
nematodes that feed on bacteria, including Caenorhabditis elegans. Rhabditida also 
contains the family Strongyloididae and type genus Strongyloides, members of which 
parasitise the gut mucosa of tetrapods throughout the world. Strongyloides and relatives 
will be discussed in detail later. The other secernentean orders (as classified in the CIH 
keys) described by Anderson (Anderson 1992) are Oxyurida, Spirurida, Ascaridida and 
Strongylida, all of which contain vertebrate parasites, and the order Rhigonematida 
which contains parasites of millipedes. A tentative consensus of a current status of 
morphological phylogeny and classification is shown in figure 1.1 
A systematic problem 
Much of the debate in classification arises from the systematic methodology employed. 
Most nematodes are of microscopic size and current taxonomy relies on morphological 
traits as seen with the light microscope. Traits most commonly used are buccal and 
pharyngeal structure, but other anatomical features such as the cuticle, lip region, 
intestine, reproductive system, sense organs and tail are also used, as well as life history 
traits such as parasitic host (Anderson 1992). The general structure of nematodes as 
exemplified by Plectus parietinus is illustrated in figure 1.2. There are inherent 
problems in using morphological traits for phylogeny inference (Hillis 1987; Quieroz, 
Donoghue et al. 1995; Hillis, Moritz et al. 1996). These problems are compounded to a 
large degree in nematode phylogenetic analysis where gross morphology can be 
indistinguishable between disparate taxa. In addition to observational bias and error, 
nematodes provide a limited number of characters which may be observed in relation to 
the known diversity of species. Significant levels of homoplasy, parallelism, 
convergence and reversal are found in all aspects of nematode morphology as visible 
with light microscopy (De Ley 1995). Scanning and transmission electron microscopy 
have revealed detailed ultrastructural elements which have been used in taxonomy and 
































A tentative consensus of the currently accepted systematics of the orders and genera of 
the phylum Nematoda represented as a cladogram. Adapted from Dorris et al (1999). 
50 p 	 evaphao-lnteetinal 
valve 
Figure 1.2 
Plectus parietinus; adult female, illustrating a very generalised structure of nematodes. 
Some key morphological characters are labelled. Taken from Maggenti (1981). 
A wider problem in the hypothesis of a coherent phylogeny arises from the ecological 
diversity displayed by nematodes. There are comparatively few active researchers given 
the extant range of nematode taxa and thus specialisation in distinct areas is inevitable. 
Two obvious areas of research involve the study of free-living or parasitic forms. 
Specialists of free-living nematodes may be unaware of developments in the taxonomy 
of parasitic nematodes and vice versa. In addition, parasitologists may be more 
concerned with the implications of the nematode parasitic phenotype as the causative 
agent of disease than the classification of ignored animal-parasitic taxa. Even within this 
framework, plant parasitologists and animal parasitologists may be largely ignorant of 
each others work. The problems of phylogeny reconstruction in nematodes are 
compounded by the lack of any real fossil evidence. Dating nematode evolution by 
paleontological means is therefore not possible, although conserved morphology has 
allowed the identification of putative ancestral characters (Anderson 1984; Adamson 
1986). 
1.2 	Other systematic approaches 
Early embiyogenesis 
The embryonic anterior-posterior axis in all Rhabditidae observed is predicted by the 
sperm entry point (Fitch 1997; Goldstein, Frisse et al. 1997; Goldstein, Frisse et al. 
1998). In the related family Cephalobidae, in which parthenogenetic reproduction is 
common, A-P axis specification is evidently not coupled to sperm entry in the 
parthenogenetic species studied. Another key difference in these two groups concerns 
the polarity of the cleavage of the P2 blastomere, which is reversed in cephalobids 
relative to rhabditids (Goldstein, Frisse et al. 1998) suggesting that reversed polarity is 
the plesiomorphic state in Rhabditida. Based on comparative embryological studies, 
Malakhov proposes two evolutionary lines within Nematoda. The first arises from 
within Enoplia. Enoplida demonstrate equal and apparently symmetric cleavages to the 
eight-cell stage (Drozdovskiy 1967). Bilateral symmetry is not established until 
elongation of the blastopore. This apparently primitive development extends in part to 
Dorylaimida and Mononchida and then Mermithida and Trichocephalida in which 
cleavage is initially uneven (Malakhov and Spiridinov 1981; Malakhov 1994). In 
Mononchida and Dorylainiida the endodermal blastomere is isolated after the fourth 
division in contrast to the third division in other nematodes (Drozdovskiy 1968) studied 
and in these groups cleavage is completely determined (Malakhov 1994). The second 
evolutionary line according to Malakhov (Malakhov 1994), displays early bilateral 
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symmetry and variable cleavage which is weakly determined. This line gives rise to 
Chromadorida, Desmodorida, Monhysterida, Plectida and Rhabditida. Secernentean 
nematodes observed thus far show asymmetric cleavage of the zygote. 
Cell lineages 
Five types of cell lineage difference have been classified based on comparisons between 
species of different families in Rhabditida (Sommer and Sternberg 1994). These are: 
switch in the fate of a cell to a fate associated with another cell; reversal in the polarity 
of a sublineage; change in the number of rounds of cell division; change in the relative 
timing of cell division; and change in the segregation of lineage potential. Differences 
in cell fate between species due to apoptosis can result in significant morphological 
differences. For example, death of a distal tip cell in Panagrellus is sufficient to explain 
the difference between the monodelphic (single uterus) gonad in the female and the 
didelphic (two uteri) hermaphrodite gonad in Caenorhabditis (Stemberg and Horvitz 
1981). If interspecific differences can be due to single changes at major regulatory loci 
which govern cell lineages for ontogenetically related characters, then it follows that 
care is needed in postulating gradual evolutionary change for these characters in 
nematode systematics. This is borne out by the distribution of monodelphic forms 
throughout Nematoda suggesting a great deal of convergence. Some covariation is 
observed however between dideiphic gonads and vulval position. In Rhabditidae, 
didelphic gonads are most often amphideiphic (uteri opposed at the vagina). When this 
is the case, the vulva is always located midbody. In other nematodes didelphic gonads 
may be parallel, with the vulva positioned either anteriorly or posteriorly (Fitch and 
Thomas 1997). Vulval position is of limited use for phylogenetic relationships but 
given the extensive characterisation of the C. elegans vulva it may provide a promising 
system for the study of character evolution at the cellular level. 
The male copulatory apparatus provides important morphological characters for 
phylogenetic inference (Chitwood and Chitwood 1974; Andrássy 1976). The caudal 
alae (bursa of secernenteans), the caudal papillae ('ray' sensillae), the spicules, 
gubernaculum, and tail tip have all been considered phylogenetically informative at 
some level. Homologous relationships among rays have become apparent by tracing 
ray development from cell lineage in the lateral hypodermis (Fitch and Thomas 1997). 
The genital papilla precursor cell lineages in Panagrellus redivivus are nearly identical 
to the ray precursor cell lineages of C. elegans (Sternberg and Horvitz 1981) 
suggesting that the lineages may be highly conserved between Panagrolaimidae and 
Rhabditidae. For study into the origins and development of parasitism, the characters 
employed for comparison are dependent largely on the parasitic female and so male tail 
development may be of limited use in this respect. 
1.3 	A new systematic perspective 
With the advent of molecular techniques and the establishment of C. elegans as a 
research model (Brenner 1974), nematology is extensively and increasingly studied at 
the molecular level (Riddle, Blumenthal et al. 1997). Nematode phylogeny and 
systematics is no exception. The contribution of molecular methods to nematode 
phylogeny is becoming increasingly significant. 
The application of molecular methods 
A coherent phylogenetic framework will combine reliable data from different sources to 
build a working consensus. In this respect morphology- and molecular-based 
approaches need not be mutually exclusive in phylogeny inference. Both methods have 
advantages and disadvantages and molecular methods provide a way to reconcile 
conflicting morphological evidence as exemplified by nematode phylogeny to date. 
Perhaps the greatest advantage of molecular methods is the extent of the data set (Hillis 
1987). Because all heritable information of an organism is encoded in DNA, the set of 
morphological data with a genetic basis is a small subset of molecular information. 
Molecular phylogeny however, represents the evolution of gene sequences not species. 
The gene tree may be incongruent with true species phylogeny due to various 
phenomena such as allelic polymorphism, introgression, lineage sorting, unequal rates 
of speciation and gene mutation, lateral transfer, hybridisation, or mistaken orthology 
(Morrison 1996). Molecular methods are most powerful in comparative analysis; 
providing evidence for the resolution of conflicting data from other sources. Modem 
molecular phylogenetic analysis has arisen from parallel advances in estimation 
procedures, computational analyses and molecular biotechnologies (Hillis, Moritz et al. 
1996). These new methods of analysis relate not only to the generation of phylogenetic 
hypotheses, but also to testing hypotheses about biogeography, ecology, behaviour, 
physiology, development and epidemiology all of which have been subjected to analysis 
in current nematology (Nadler, Lindquist et al. 1995; Riddle, Blumenthal et al. 1997). 
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Although both allozyme electrophoresis and cytogenetics have made major 
contributions to evolutionary theory, the wide applicability of the polymerase chain 
reaction (PCR) technique allows a comprehensive investigation of the variation in DNA 
sequence and structure (Hillis, Moritz et al. 1996). There are many methods for 
analysis of DNA variation, all of which have been used for nematodes at some point, 
including DNA-DNA hybridisation and comparative analysis of DNA fragments e.g. 
by restriction enzymes, microsatellites, RAPDs and multilocus DNA fingerprinting 
(Riddle, Blumenthal et al. 1997). The most powerful method for producing large 
datasets for analysis is undoubtedly DNA sequencing. The development of PCR 
primer sets for a variety of conserved genes has made it possible to develop DNA 
sequence data from a large number of different organisms in a short period of time. 
The basic principles underlying phylogenetic inference are the same for both molecular 
and morphological sets of data although different assumptions are made depending on 
the evolutionary model under consideration. In cladistic phylogenetic analysis, taxa are 
grouped in such a way that those with historically more recent ancestors form groups 
nested within groups of taxa with more distant ancestors (Scotland 1992). When a 
character changes from an ancestral state to a derived state in a lineage it will be passed 
on to all of the descendants of that lineage. Therefore, the branching sequence of 
evolution can be deduced by searching for nested groups of shared derived character 
states (synapomorphies) among the taxa being analysed (Scotland 1992; Morrison 
1996). This is true (albeit rather simplified) regardless of the source of the data. A key 
assumption in cladistics is that evolution is mainly a divergent bifurcational process 
(Scotland 1992). Homoplasies are assumed to represent "errors" rather than evidence 
in favour of some form of alternative evolutionary processes such as hybridisation, 
endosymbiosis, recombination, gene duplication, and lateral transfer, which cannot be 
reflected in a tree-like structure. These phenomena require different basic assumptions 
and evolutionary models and illustrate the necessity for a combined testable systematic 
approach to phylogeny inference. A clear benefit in using sequence information in 
phylogeny inference is that comparison of taxa is by the same means; the evolution of a 
single conserved marker sequence. The mode of evolution of DNA sequences is 
generally better understood than that of morphological traits, and can be modelled with 
some confidence. The phylogeny derived from a single molecule however should be 
treated with some caution as it may not faithfully reflect the history of all species 
studied. Information from multiple unlinked genetic loci and analyses using multiple 
methods with the application of statistical tests will give more robust estimates. 
Choosing a marker sequence 
An important consideration in the choice of marker sequence is that the rates of 
phylesis (speciation of taxa) and fixation of molecular change must be of the same 
order. Different types of sequence evolve at different rates. A rapidly evolving sequence 
could be used to examine the relationships between species in a genus, and a highly 
conserved sequence for interordinal or interphylum relationships. Groups of organisms 
which have evolved and diverged over a long period of time such as nematodes usually 
require relatively invariant sequences for analysis. A common choice for this type of 
analysis has been the small subunit (SSU) rRNA genes which contain highly 
conserved domains and also protein coding regions of RNA polymerase subunit genes 
e.g. elongation factor-1 alpha (Olsen 1987; Swofford, Olsen et al. 1996). For 
organisms evolving over a shorter time period rapidly evolving mitochondrial sequences 
and RNA internal transcribed and terminal non-transcribed sequences have been used 
(Swofford, Olsen et al. 1996). Different regions of the mitochondrial genome appear to 
accumulate mutations at varying rates (Fernandes, Nelson et al. 1993; Hillis, Moritz et 
al. 1996). It is possible therefore to use both the ribosomal cistron and mitochondnal 
sequences to develop phylogenies of both distantly and closely related organisms. 
Rapidly evolving sequences such as non-coding repeat regions are used for studies 
involving populations within a single species or genus (Morrison 1996). 
1.4 	Ribosomal RNA sequences as phylogenetic markers 
Ribosomal RNA genes are found in all organisms and retain a basic shared function. 
They are present in multiple copies per genome: C. elegans has about 55 sets of rRNA 
genes. The number present in other nematodes is not known but is likely to be similar. 
As with morphological characters, sequences being compared must be homologous 
rather than analogous. Only orthologous sequences will reflect the historical 
relationships of species, while paralogous sequences (e.g. those arising as a result of 
gene duplication) will reflect only gene history (Fitch 1970). Xenologous sequences 
(from horizontal gene transfer) will only partly reflect gene history, and plerology 
(from combination of exons) will only reconstruct a composite gene history (Williams 
1993). All molecular studies rely on the assumption that the sequences from the taxa 
being compared are orthologous although the assumption can rarely be confidently 
held especially for distantly related taxa (Sneath 1989). Molecular drive which results 
in the concerted evolution of the rRNA loci is due to intra-chromosomal 
homogenisation and not inter-chromosomal exchange and gene conversion (Dover, 
Linares et al. 1993; Liao, Pavelitz et al. 1997). Each copy of the rRNA cistron is 
therefore quasi-identical and can be regarded as orthologous. The structure of an rRNA 
cistron is illustrated in figure 1.3. 
For the rRNA gene products there is a robust biological model of secondary structure 
and a large database of sequences, permitting alignment of new sequences constrained 
by the base pairing of the model. The rDNA sequences and intergemc spacer regions 
have provided a rich source of molecular characters for developing a phylogenetic 
framework for nematodes (Fitch and Thomas 1997). It is possible to amplify rDNA 
segments reliably from single fixed specimens (Thomas and Paabo 1993; Hemiou, 
Pearce et al. 1998). This allows the analysis of museum collections and thus even rare 
or extinct species (Thomas and Paabo 1993). The different variable and conserved 
segments within the rDNA cistron (see fig. 1.3) allow for a wide application of the 
sequence in comparison of both distant and closely related nematode species. 
Variable rDNA segment analysis 
Rapidly evolving segments of the rDNA cistron can be used to derive phylogemes for 
closely related nematodes. For example, less conserved loop regions of the SSU and 
LSU from ascaridoids yielded phylogenies that were at variance with accepted 
morphological classifications, but agreed with minority views based on alternative 
interpretations of the morphological data (Nadler 1992) and were supported by a 
subsequent study of full length SSU sequences(Nadler 1995). 5.8S rRNA sequences 
have been used to compare the orders Strongylida, Rhabditida, Spirurida, and 
Tylenchida (Chilton, Hoste et al. 1997). 
Nematodes of the order Strongylida have remarkably similar SSU rDNA sequences 
despite their morphological divergence. Thus in order to be able to discern the 
relationships of Australian marsupial strongylids, the ITS2 region was used (Chilton, 
Gasser et al. 1997). This region is subject to much less constraint than the coding 
region, and has accumulated many more changes that are informative for phylogenetic 
analysis of more recent speciations. The study was designed to define the phylogenetic 
origin of the marsupial parasites, which have a very restricted host distribution 
(herbivorous wombats and kangaroos) compared to those of placental mammals. 
Morphological data suggests that the marsupial parasites are monophyletic. The ITS2 
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Figure 1.3 
The ribosomal RNA (rRNA) cistron. Sizes are approximate and not to scale. The rRNA 
cistron is present in -55 directly repeated copies per nematode genome: each cistron 
comprises the small subunit gene (SSU; also called 18S), the internal transcribed spacer 
1 (ITS 1), the 5.8S gene, ITS 2, and the large subunit gene (LSU or 28S). An external 
non-transcribed spacer (NTS) separates each transcribed cistron. The relative rate of 
sequence variation observed between taxa is shown schematically above the cistron and 
illustrates that the SSU and LSU sequences are the most conserved, followed by the ITS 
regions. The NTS region is the most variable in length and sequence. In addition to the 
gross variation between the segments of the rRNA cistron, the genes themselves 
comprise a mosaic of highly conserved and variable regions. 
from placental mammals and have brought into question the inferred direction of 
character change in the ovipositor. These data also conflict with a simple host-parasite 
co-speciation model, and illustrate the propensity of nematodes for morphological and 
ecological homoplasy (Durette-Desset, Gasser et al. 1994). Furthermore, the ITS 
regions are variable enough to separate even cryptic species, and can be used as a 
molecular fingerprint to identify eggs and larvae in pathology specimens (Gasser, 
Chilton et al. 1993). 
SSUrRNA analysis 
At a length of around 1700 base pairs, SSU rRNA genes are relatively easy to isolate 
and sequence and the highly conserved domains have proven to be highly informative 
for resolving the deep structure of the Nematoda (Fitch, Bugaj-gaweda et al. 1995; 
Fitch and Thomas 1997). The relationships of the phylum to other animal phyla have 
been debated and contested for a century. Recently, SSU rDNA data has been used to 
show that the "Aschelminthes", a taxon that includes a number of worm-like phyla, is 
polyphyletic (Winnepenninckx, Backeljau et al. 1995). There is even evidence for a 
close relationship between nematodes, arthropods and other moulting animals 
(Aguinaldo, Turbeville et al. 1997; Eernisse 1997). The most comprehensive molecular 
phylogeny of nematodes to date has been established by Blaxter et a! (Blaxter, De Ley 
et al. 1998) using SSU rDNA sequences from taxa sampled across the entire phylum. 
In this analysis, animal-parasitic, plant parasitic and free-living taxa have been directly 
compared for the first time. The resulting phylogeny is summarised in figure 1.4. 
The phylogeny proposed in fig. 1.4 concurs in a broad sense with those proposed by 
Anderson (Anderson 1992), Maggenti (Maggenti 1983), and Chitwood and Chitwood 
(Chitwood and Chitwood 1974) but also highlights a number of paraphyletic taxa, 
suggests new relationships between previously unconnected taxa, and separates some 
taxa previously believed to be closely related. By this analysis Adenophorea are 
paraphyletic and give rise to the Secementea in agreement with Malakhov (Malakhov 
1994), Maggenti (Maggenti 1983), and Anderson (Anderson 1992). Two other 
assessments of the origins of Secemetea have been conducted using the same SSU 
rDNA marker (Aleshin 1998) (Kampfer, Sturmbauer et al. 1998), The first (Aleshin 
1998) supports the emerging view for the adenophorean origins for Secernentea. In the 
second analysis however the classical split into Adenophorea and Secementea is upheld 
(Kampfer, Sturmbauer et al. 1998) but this result can be criticised for insufficient 
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Figure 1.4 
The phylogenetic structure of the Nematoda revealed by analysis of full-length small 
subunit (SSU) rDNA sequences (Blaxter et al, 1998). The numbers above the branches 
indicate bootstrap support for each branching event. A radiation involving five major 
clades is proposed (Blaxter et al, 1998). These are labelled I to V (dade IV is split into 
'a' and 'b'). The trophic ecology of each dade is indicated by an icon. Adapted from 
Dorris et al (1999). 
There is general consensus of a Chromadoria origin for Secementea. More precise 
origins within Chromadoria however, have been less forthcoming. In all of the 
molecular studies this far, nematode sampling has been severely skewedin the direction 
of taxa which have some economic significance, i.e. the data is compromised by a 
disproportionate number of parasitic or pathenogenic forms, most of which are 
secernenteans. The vast majority of nematodes are actually free-living 
"adenophoreans". In the analysis by Blaxter et a!, Plectus forms a monophyletic dade 
with Secementea (Blaxter, Dc Ley et al. 1998) suggesting it may be an extant member 
of the group from which the Secernentea arose. Aleshin et al also propose a close 
relationship between Plectus and Secernentea with Plectus forming a monophyly with 
Ascaridida and Spirurida, and with Monhysterida as a basal group to the class (Aleshin 
1998), a position also suggested by Blaxter et al (Blaxter, De Ley et al. 1998). By 
morphological criteria, Plectus could never be considered secernentean: with somatic 
setae, amphids well posterior to the lips, an indistinct basal bulb in the first stage 
juvenile, longitudinal rather than transverse valves, no phasmids, caudal glands, and no 
bursal rays it has few traits diagnostic of Secementea. Despite this, Andrássy has 
proposed a plectid (sensu lato) origin for Secernentea (Andrassy 1976). Lorenzen has 
described at least two types of valves in Plectida, one of which he considers similar to 
Rhabditidae or Panagrolaimidae (Lorenzen 1994). The molecular evidence of Aleshin et 
a! (Aleshin 1998), morphological evidence of Maggenti (Maggenti 1983), and 
ontogenetic evidence of Malakhov (Malakhov 1994) all point to a close relationship 
between Monhysterida, Plectida, and Secementea. In addition, Chitwood and Chitwood 
place a Plectoidea superfamily within the suborder Monhysterina (Chitwood and 
Chitwood 1974). The lack of sequence information, however, from Chromadona to 
anchor Enoplia and Secementea may result in artifactual placings of divergent 
chromodorid sequences thus lending more weight to the apparent Monhysterida-
Plectida-Secementea monophyly. 
Blaxter et al identified five major clades. Two strictly "adenophorean" clades (I and II 
see fig. 1.4) are strongly supported: both contain plant parasitic taxa, and dade I 
includes the Trichocephalida (Trichinella and Trichuris) and the Mermithida (insect 
parasites). Three major clades (III-V) are identified within the Secernentea. These 
clades do not correspond to the classical divisions in which taxa are grouped primarily 
by trophic ecology. Rather, the plant- and animal-parasitic orders are crown taxa 
integrated within a radiation of free-living stem groups. The animal-parasitic orders 
Ascaridida (ascarids including Toxocara and Ascaris), Oxyurida (pinworms and 
relatives), Spirurida (filarial nematodes and relatives) and Rhigonematida (millipede gut 
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parasites) form the first dade (III) within Secementea. As well as a close association 
with Plectidae this dade also associates with Teratocephalidae, which, like Plectidae are 
free-living and occur predominantly in fresh water and moist soils. The suborder 
Teratocephalina is thought to be ancestral in Rhabditida and to have given rise to 
Cephalobina and then Rhabditina (De Ley 1995). The other two clades include free-
living taxa corresponding loosely to the Cephalobina (IV) and 
RhabditinalDiplogasterina (V) of classical taxonomy. A combined analysis of 
morphological characters, SSU rDNA and RNA polymerase II data has revealed 
derived characters shared with Diplogasterida and Rhabditina, including a 
mesorhabdion associated with epithelial cells (Baldwin, Giblin-Davis et al. 1997). By 
the same analysis, Diplogasterida are shown to retain some apparently primitive 
characters shared with Cephalobina (Baldwin, Giblin-Davis et al. 1997). 
By morphological systematic analyses, based on the structure of the pharynx and 
proposed homology of the stylet, Diplogasterida are thought to give rise to Tylenchida 
(including the root-knot and cyst nematodes) and the mainly fungivorous Aphelenchida 
(Filipjev 1934; Maggenti 1983; Lorenzen 1994; De Ley 1995). In addition, Chitwood 
and Chitwood consider the pharynx of Rhabditoidea to be plesiomorphic (ancestral) 
and that of Diplogasterida and Tylenchida to be synapomorphic (shared derived). SSU 
rDNA analysis however, places Tylenchida and Aphelenchida within Cephalobina 
(sensu lato) (fig. 1.4, dade IV). The proximity of cephalobes to tylenchs has little 
morphological support and hence contradicts mainstream opinion, but is supported by a 
synapomorphic pattern of embryonic axis specification (Goldstein, Frisse et al. 1997). 
In addition to Diplogastenda, Clade V (fig. 1.4) joins many families of free-living 
rhabditids with the animal parasitic Strongylida, a relationship supported by putative 
synapomorphies in buccal structure and male caudal morphology (Blaxter, De Ley et 
al. 1998). 
Clade IV (fig. 1.4) can be split into two subclades although extreme differences in 
inferred branch length (and thus evolutionary rates) amongst the taxa sampled make the 
separation less certain, and some morphologically intermediate species have not been 
sampled. Subclade IV-a contains tylenchs, aphelenchs and cephalobes, and P1-b 
contains Strongyloididae (the animal-parasitic Strongyloides, traditionally considered to 
be rhabditid), Steinemematidae (the entomopathogen Steinernema) and 
Panagrolaimidae. It has been proposed that two of the families in dade IV-a are extant 
members of a superfamily which show a combination of morphological characters 
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intermediate between Cephalobina and Rhabditina, a detailed discussion of which 
follows. 
1.5 	Reassessing connections in 'dade 1V'. 
Some important new associations and rejection of other long-standing ties have been 
shown by SSU rDNA analysis (Blaxter, De Ley et al. 1998). Clade IV (see fig. 1.4) in 
particular is split into two subclades (IVa and IVb) which warrant further analysis. The 
taxa associated within each dade are outlined in Table 1. 
Table 1 
Classification of taxa from Clade IV (fig. 4.1) 
Clade IVa C lade IVb 
Order Tylenchida Order Rhabditida 
Family Aphelenchidae Family Panagrolaimidae 
Aphelenchus avenae Panagrellus redivivus 
Globodera pallida Panagrolaimus sp. 
Meloidogyne arenaria Family Strongyloididae 
Family Cephalobidae Strongyloides stercoralis 
Zeldia punctata Strongyloides ratti 






The grouping in subclade TV-a has some morphological and ecological correlates as an 
intermediate group between cephalobid and rhabditid nematodes. Members of type 
family Panagrolaimidae represent a mixture of the lifestyles found in Cephaloboidea 
and Rhabditina (Dc Ley 1995). Some dauer stages have been reported, as has 
association with other animals, most notably insects. Most Panagrolaimidae have 
monodelphic uteri and stoma structure diagnostic of Cephalobina but some in family 
Chambersiellidae are didelphic and others such as Halicephalobus have a valvate 
median bulb, both diagnostic of Rhabditina. 
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A new superfamily? 
Strongyloides spp. are usually placed within Rhabditina or Rhabditoidea (Anderson 
and Bain 1982), probably because within Rhabditida, the suborder Cephalobina is not 
generally incorporated in zooparasitic classifications. The stoma structure with narrow 
and relatively long stegostom places them within Cephalobina. The Cephalobina-type 
stoma is thought to be ancestral in Rhabditida (De Ley 1995). However, females of the 
family Strongyloididae display a didelphic reproduction system diagnostic of 
Rhabditina. Both this character and the stoma structure are shared with the families 
Alloionematidae and Steinernematidae. Because these 'mutually exclusive' characters 
are shared between the three families it has been proposed to group the families 
together to infer a common ancestry (De Ley 1995). This new 'Strongyloidoidea' 
superfamily may have panagrolaimid origins particularly in associations with insects. 
Of the multiple origins of parasitism in Nematoda (molecular data infers animal 
parasitism to have arisen independently at least six times, and plant parasitism three 
times (Blaxter, Dc Ley et al. 1998)) all the vertebrate parasitic groups are closely 
associated with invertebrate parasites (Blaxter, De Ley et al. 1998). The families 
Alloionematidae, Steinemematidae, and Strongyloididae are outlined below. 
Familia Alloionematidae 
Rhabditophanes is a free-living nematode usually found in decaying vegetation and 
wood pulp in beetle tunnels. Dauer larvae are known to attach to beetles by means of a 
secreted 'stalk'. Alloionema is a parasite of snails and has alternate free-living and 
parasitic generations. Members of this family are not represented in the taxa sampled 
by Blaxter et al in Clade IV. 
Familia Steinernematidae 
It is rare to find discourse on Steinernema without reference to Heterorhabditis. This 
thesis is no exception. Individuals of both genera share a similar, unusual trophic 
ecology. Both are pathogens of insects and enter the hosts by cutaneous invasion 
(Poinar 1993). After entry, a toxic bacterial symbiont is released which kills the host 
before completion of the nematodes' lifecycle. These two genera are usually classified 
within Rhabditoidea as a monophyletic group. Remarkably, the trophic ecology shared 
by these two genera has arisen independently (Poinar 1993; Blaxter, De Ley et al. 
1998). As well as morphological differences, the mechanism of entry differs in that 
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Steinernema spp. have a homogonic lifestyle, in which dauer stage larvae invade 
through body orifices whereas Heterorhabditis spp. have a heterogonic life cycle and 
puncture the host cuticle via an external tooth. In addition, the bacterial symbionts 
associated with Steinernema are Xenorhabdus whereas Photorhabdus are associated 
with Heterorhabditis (Szallas, Koch et al. 1997). 
The origins of Steinemematidae are unclear. The infective L3 mechanism of attachment 
and entry of Steinernema has obvious similarities to the beetle transport mechanism of 
Alloionema although the convergence of adaptation shown by Steinernema and 
Heterorhabditis graphically illustrates the pitfalls in inferring phylogeny from obvious 
ecology. If their ancestry lies with insect associated Cephalobma then their development 
has been toward an association with dead insects. The infective dauers feed on bacteria 
and the host haemolymph. This kills the host but allows the maturation of the nematode 
into a first adult generation. The first generation can grow relatively large (especially the 
female) and reproduce amphimictically, so juveniles of both sexes must invade the host. 
The second generation matures rapidly but remains smaller (Poinar 1993). This 
generation also reproduces amphimictically resulting in new infective larvae, which 
leave the decomposed host carcass inoculated with their Xenorhabdus symbionts. Thus 
the only free-living stage is the infective dauer L3 larvae. Because of the potential for 
biological control the mechanisms of symbiont-nematode-host interactions are 
extensively studied. 
Taxonomy of steinernematids is also at an advanced stage, employing morphological 
(Nguyen and Smart 1995; Nguyen and Smart 1996) biochemical (Jagdale, Gordon et 
al. 1996) and molecular (Reid and Hominick 1992; Nasmith, Speranzini et al. 1996) 
methods. There have been comparatively few analyses of phylogeny however, and no 
effective phylogeny based on DNA sequence data. Both biochemical (Saux, Mauleon et 
al. 1998) and sequence analysis (Liu, Berry et al. 1997) have determined that diversity 
is greater between steinemematids than between heterorhabditids. This may also be the 
case for their respective endosymbionts (Saux, Mauleon et al. 1998) suggesting 
coadaptation between nematode and bacterium. Given the extensive research on 
Steinemematid associations, a coherant phylogeny is necessary and overdue. 
Familia Strongyloididae 
Members of the genus Strongyloides have complex life cycles and parasitise a wide 
range of terrestrial vertebrate hosts (Grove 1989). Although a cephalobe ancestry now 
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seems to be indicated (De Ley 1995; Blaxter, De Ley et al. 1998), the interrelationships 
between species within the genus and with apparent relatives outwith the genus are 
unresolved due to the inconsistency of morphology-based approaches and differential 
systematic emphasis. 
1.6 	The genus Strongyloides 
Strongyloides species are parasites of vertebrates throughout the world. While most are 
of little direct concern to humans, strongyloidiasis in agricultural livestock is well 
documented (Speare 1989) and can have significant economical impact. S. stercoralis 
is a human pathogen which can persist in a single host through repeated cycles of 
autoinfection and is associated with immunoinsufficiency (Grove 1989). S. fuelleborni 
kellyi infections of humans can be fatal (Viney, Ashford et al. 1991). The murine 
parasite S. ratti is thought to provide an experimental model for human infections, but 
how closely related this species is to the two human pathogens remains to be 
established. For example, greater divergence is seen between the SSU rDNA sequences 
of S. stercoralis and S. ratti than is seen between some orders (Blaxter, De Ley et al. 
1998) suggesting either ancient divergence of the two parasites, rapid evolution or both. 
This apparent divergence is discussed in detail later. 
A complex life cycle 
The life cycles of Sfrongyloides species are often complex but do not involve a vector 
or paratenic host. The development and transmission of Strongyloides spp. is outlined 
in figure 1.5. The parasitic form is a thread-like female which produces only 
genotypically female eggs by mitotic (apomictic) parthenogenesis (Schad 1989; Viney, 
Mathews et al. 1993). Eggs or first stage larvae (but seldom both) are passed in faeces 
of the host. These develop into rhabditiform first-stage larvae in the external 
environment and subsequently develop into either infective third-stage (L3) filariform 
larvae or L3 rhabditiform larvae (Schad 1989; Anderson 1992). The filariform larvae 
invade the host and develop into infective females (the homogonic pathway) and the 
rhabditiform larvae develop into a single free-living generation of both sexes (the 
heterogonic pathway). The progeny of the free-living generation give rise to infective 
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Alternative life history pathways of Strongyloides stercoralis. Modified after Georgi 
(1982) Refer to text for details. 
Adults resulting from heterogonic development produce eggs by amphiniictic 
reproduction (Viney, Mathews et al. 1993). Penetration of the egg by the sperm has 
been observed but not fusing of sperm and egg pronuclei, leading to an initial 
assessment of reproduction by meiotic parthenogenesis (Schad 1989). Genetic 
exchange has however been established in S. ratti (Viney, Mathews et al. 1993). Larvae 
arising from these eggs develop only into infective larvae, which must invade and 
mature as females in the host (see fig. 1.5). The relative frequency of homogonic and 
heterogonic development in a particular population depends on a number of factors: the 
species being studied, the genotypes of the population, and the environment 
experienced by the parasitic homogonic female and / or the emerging early larvae. 
These environmental conditions may be pH, 02  and CO3 concentrations, consistency of 
substrate, temperature and level of nutrition (Schad 1989). In species that have been 
extensively studied it is clear that entry into the parasitic phase is obligatory but at least 
one species, S. planiceps, can undergo more than one free-living cycle (Yamada, 
Matsuda et al. 1991). Rhabditiform larvae of S. stercoralis can develop in the gut to the 
infective stage (Schad 1989). Following invasion of the intesinal mucosa, the infective 
stage larvae undertake a lung migration before establishing themselves in the intestine 
where they grow into the usual parthenogenetic females (Schad 1989). This 
autoinfection accounts for the persistence of human strongyloidiasis in the absence of 
opportunities for reinfection in the usual way. 
The alternating life cycle of Strongyloides may represent an intermediate level between 
a free-living and wholly parasitic phenotype and is shared with other rhabditid genera. 
A related parasite Parastrongyloides is different from Strongyloides by the presence of 
parasitic males. Three species have been described, the first, P. winchesi from a shrew 
in England (Morgan 1928), and the other two, P. trichosuri and P. peremalis in 
Australia from a possum and a bandicoot respectively (Mackerras 1959). It has been 
suggested that Parastrongyloides represents the ancestral phenotype of Strongyloides 
and that in the latter males have been irreversibly lost (Mackerras 1959). P. trichosuri 
can have many free-living cycles (W. Grant, pers. comm.), perhaps further indicating a 
directionality for the alternating life histories in Strongyloides. 
The rhabditid anuran parasite Rhabdias bufonis has a single free-living cycle (Smyth 
and Smyth 1980). While it is clear that Strongyloides and Parastrongyloides are 
closely related, the relationship of either to Rhabdias is not known. In addition to life 
cycle, Strongyloides and R. bufonis share a similar morphology in the filariform larvae. 
Also, as a lung parasite which often migrates to the intestine on the death of the host 
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(Smyth and Smyth 1980), R. bufonis may illustrate the ancestral trophic phenotype, 
given the development of the tracheal migration route adopted in Strongyloides. Snails 
may be used as a transport host for the R. bufonis filariform larvae (Smyth and Smyth 
1980). This trophism is shared with Alloionema (described earlier) for which snails are 
the definitive host. 
Morphological taxonomy of Strongyloides 
The taxonomy of Strongyloides has been based primarily on morphological studies and 
host records. This has been confounded by the morphological similarity of all members 
of the genus, the characteristic that actually defines the genus. The relative sizes of body 
proportions (morphometrics) are the common taxonomical criteria although as early as 
1925, Sandground (Sandground 1925) considered the range of variation in body 
proportion too great to be of any use. Despite recognising large variation in 
proportionate lengths, Chandler used morphometric criteria in combination with other 
biological observations to distinguish two groups within the genus: the S. papillosus 
group and the S. stercoralis group (Chandler 1925). The S. stercoralis group contains 
species with parthenogenetic females parasitic in carnivorous or omnivorous hosts. 
They are usually between 2 and 3 mm in length with a mouth surrounded by three 
fairly prominent lips and a body evenly tapering from a point some distance in front of 
the anus and ending in an evenly tapering conical tail, pointed at the tip. Eggs of this 
group may hatch before or at the time of oviposition, but nearly always before leaving 
the body of the host. Chandler places S. stercoralis, S. nasua, S. canis and S. felis in 
this group (Chandler 1925). Speare (Speare 1989) also considers the stage passed in 
faeces to be a major criterion for species identification but also includes other key 
morphological traits. Speare extended the characteristics of the S. stercoralis group to 
include parasitic females with directly recurrent (straight) ovaries and a simple stoma, 
and the subventral preanal and both adanal papillae in the same longitudinal line. 
Additional species assigned to the S. stercoralis group by Speare are S. dasypodis, and 
S. procyonis (Speare 1989). By this diagnosis, S. ratti could probably be assigned to 
this group also. 
The S. papillosus group as described by Chandler (Chandler 1925) contains species 
with parthenogenetic females parasitic in herbivorous animals. They are usually 3-4 
mm in length, but sometimes reach 6 mm. Their mouth is usually surrounded by six 
inconspicuous papillae and they have a body that sharply constricts immediately behind 
the anus and ends in a short finger-like tail rounded at the tip. Eggs of this group 
seldom hatch before leaving the host. Within this S. papillosus group, Speare (Speare 
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1989) includes parasitic females with ovaries that intertwine with the intestine (spiral). 
Also characteristic is a complex stoma as well the first adanal papilla dorsal to the 
longitudinal line joining the subventral preanal papilla and second adanal papilla 
(Speare 1989). Species in this group include S. papillosus, S. cebus, S. fuelleborni, as 
assigned by Chandler (Chandler 1925) and S. suis (syn. S. ransomi), S. lutrae, S. 
venezuelensis and S. westeri as assigned by Speare (Speare 1989). Chandler considers 
S. westeri, at 8-9 mm long to perhaps represent a third grouping. Transmammary 
transmission is a common route of infection in the S. papillosus group (Speare 1989). 
No taxonomic weight has been given to these groupings. 
Four species of Strongyloides have been described from primates: S. stercoralis, S. 
fuelleborni, S. cebus and S. simiae. S. simiae is probably a synonym of S. cebus 
(Ashford and Bamish 1989). S. stercoralis is easily distinguished from the rest as 
larvae are passed in the faeces and the ovaries are straight. The others pass eggs and 
have spiral ovaries (Sandground 1925; Little 1966). Of the remaining species, 
distinction based on morphological criteria has been at best inconsistent (Darling 1911; 
Sandground 1925; Premvati 1958; Premvati 1959). In addition, there are few conclusive 
morphological criteria to separate these from Strongyloides from other hosts, 
particularly S. suis, and S. papillosus described from pigs and sheep respectively. S. 
stercoralis and S. fuelleborni typically cause human strongyloidiasis. S. stercoralis has 
a cosmopolitan distribution in warm climates whereas S. fuelleborni infects man and 
other primates in Africa (Pampiglione and Ricciardi 1972). 
Strongyloides eggs were found in human stools collected in New Guinea (Kelly and 
Voge 1973). Subsequent examination revealed numerous parasitic females of a 
Strongyloides sp. (Kelly and Voge 1973). As eggs and not larvae were passed, this 
suggested that the parasite was not S. stercoralis. S. fuelleborni passes eggs in the stool 
but the absence of non-human primates from New Guinea combined with the absence 
of non S. stercoralis human strongyloidiasis between Africa and New Guinea obscured 
the origin and identity of the new parasite. As the parasitic female had spiral ovaries it 
was critically compared with six other species exhibiting the same characteristic 
namely, S. westeri, S. papillosus, S. venezuelensis, 5, fuelleborni, and S. cebus (Kelly, 
Little et al. 1976). The parasite was considered most like S. fuelleborni and S. cebus but 
more likely to be S. fuelleborni as it occurs in the eastern hemisphere and normally 
infects man in Africa (Kelly, Little et al. 1976). Using known taxonomic characters 
such as stoma shape and post-vulval constriction (both of which have been criticised 
(Ashford and Barnish 1989)) the New Guinea Strongyloides was found to be 
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indistinguishable from S. fuelleborni (Speare 1989; Viney, Ashford et al. 1991)and due 
to its geographical disparity, was named as a sub species S. fuelleborni kellyi after its 
original discoverer Allan Kelly. The origins and subsequent transmission of S. 
fuelleborni kellyi remain unclear however and a local zoonotic source cannot be ruled 
out (Ashford, Barnish et al. 1992). Strongyloides from domesticated non-indigenous 
animals have been recorded from Papua New Guinea: S. westeri from horses, S. 
papillosus from ox, goat and sheep, and S. suis from pigs. 
Cross hybridisation experiments between free-living adults of S. suis and S. papillosus 
have recorded offspring in 60% of crosses between species as opposed to 80% of 
crosses within species (Triantaphyllou and Moncol 1977). Depending on whatever 
species concept is fashionable, this indicates either a very close relationship between the 
species or indeed that they are the same species. Cross infection experiments have 
shown that S. fuelleborni from old world non-human primates does not infect new 
world non-human primates (Augustine 1940). The reciprocal is also true for S. cebus 
from new world non-human primates. S. ratti and S. venezuelensis have been recorded 
from the same host, the rat, and can co-exist in a mixed infection. As with other 
economically important nematode groups, a robust phylogeny of Strongyloides and 
apparent relatives seems timely and essential. 
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1.7 	Molecular Phylogenetics 
The choice between different molecular phylogenetic methods can be as prone to 
subjectivity as morphological criteria and can differ depending on the organisms under 
study, the sequences under study, the effect of historical dogma, research affiliation, the 
type of computer, which method gives the 'desired' results, and even on which side of 
the Atlantic the research is based. There is an increasing trend however toward an 
integrated approach and increasing computational power and software availability has 
allowed the application and rigorous testing of different evolutionary models and 
phylogenetic hypotheses. A description and assessment of molecular application to 
phylogeny inference follows. It is not intended to be exhaustive; general reviews of 
methods for phylogeny inference abound (Felsenstein 1982; Felsenstein 1988; Hillis, 
Allard et al. 1993; Swofford, Olsen et al. 1996). 
Sequence alignment 
All methods begin with sequence data, which has been aligned to provide some 
phylogenetic signal. An arbitrary alignment of random sequence will provide 
phylogenetic information, thus no assumption is made of the quality of the alignment 
although it can be assessed by statistical procedures. Positional homology in sequence 
alignment can be represented by either identical character states (nucleotides or amino 
acids) in all sequences, substitutions in one or more sequences (representing point 
mutations), or insertions/deletions (indels) in one or more sequences. The positioning 
of indels poses most problems for sequence alignment especially for more divergent 
sequences (Morrison 1996). Gaps introduced into the sequences should truly represent 
indels which are actual mutation events (Olsen 1987; Swofford, Olsen et al. 1996). If 
there are relatively few indels, a robust sequence alignment can usually be produced by 
hand as is shown by protein-coding parts of mtDNA (Miyamoto and Cracraft 1991) 
and the plant rbcL gene (Chase, Soltis et al. 1993). For other sequences there may be 
an a priori biological model of secondary structure e.g. the ribosomal RNA gene 
products. The alignment is then constrained by the base-pairing of the model (Olsen 
1987). If there are many indels and no a priori structure model it is necessary to use a 
mathematical algorithm to produce the alignment. The algorithms compare sequences 
using a pattern-matching process that searches for correspondence between the 
elements of the sequences, introducing gaps as required to maximise some criterion for 
optimality of the correspondence. When there are more than two sequences, most 
algorithms use exact procedures to align the sequences pair-wise, but then use heuristic 
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procedures to build a multiple alignment (Swofford, Olsen et al. 1996). Thus, not only 
is there no guarantee of obtaining a globally optimal alignment but even there were then 
it does not necessarily represent the true alignment (Thome and Kishino 1992). 
Clearly, more gaps in an alignment will result in fewer differences between characters in 
the alignment and an evolutionary 'cost' must therefore be assigned to the introduction 
of gaps in an alignment. Gap weights refer to the relative cost of inserting a new gap 
into a sequence or extending an already existing gap (Swofford, Olsen et al. 1996). 
Tree building 
Two types of evolutionary information can be represented on a phylogenetic tree. 
Firstly, speciation events, represented by the branching sequence of the tree 
(cladogram) and secondly, phylesis events, represented by the relative length of the 
branches on the tree in which case the latter is termed a phylogram (Swofford, Olsen et 
al. 1996). The branching sequence organises taxa into monophyletic groups (clades). A 
monophyletic group is a group of taxa descended from a single ancestor and which 
includes all of the taxa in the dataset descended from this ancestor. Groups that do not 
include all of the descendents of their exclusive common ancestor are paraphyletic. The 
most common method of cladistic analysis involves producing an unrooted tree and 
then rooting the tree using an outgroup. Rooting the tree indicates the direction of 
evolutionary change and allows hypotheses of relative character-state polarity (ancestral 
vs derived) to be produced, and also allows inferences about the composition of 
monophyletic groups to be made. There are many and varied tree building methods. 
Some methods choose the tree from among all trees possible that either maximises or 
minimises some optimality criterion, while other methods follow an algorithm (pre-
defined sequence of operations) to produce a single tree. Some of the methods analyse 
the data matrix directly while others require that the data have been converted to 
distances between taxa before the analysis i.e. a matrix of pair-wise distances is 
calculated. Some methods have been developed specifically for sequence data, while 
others may be applied to any type of data. The more commonly used methods and their 
characteristics are summarised in Table 2. 
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Table 2 
Some characteristics of common tree-building methods 
Method 	 Procedure 	 Data* 
Unweighted pair-group algorithm morph and molec 
Neighbour-joining algorithm morph and molec 
Minimum-evolution optimality morph and molec 
Distance-Wagner optimality morph and molec 
Least-squares optimality morph and molec 
Maximum-parsimony optimality morph and molec 
Weighted-parsimony optimality morph and molec 
Compatibility optimality morph and molec 
Maximum-likelihood optimality molecular only 
Spectral analysis 	 optimality 	 molecular only 
* Data refers to applicability of method to molecular and morphological studies 
It is rarely possible to compare the many tree-building methods based on their relative 
ability to detect the underlying true phylogenetic pattern as it is almost never known. 
Other criteria have been proposed to assess the relative usefulness of the various tree-
building methods including computational efficiency, power and consistency (Morrison 
1996). 
The computational efficiency of a method refers to the relative speed with which a 
solution is produced (Penny, Hendy et al. 1992). All of the algorithmic procedures are 
relatively efficient in this respect, as the computation time does not increase dramatically 
as the number of taxa is increased. Methods with optimality criteria are far less efficient 
because the number of trees from which the optimal one needs to be chosen increases 
factorially as the number of taxa increases (Felsenstein 1978). For large data sets, both 
in terms of number of taxa and number of characters, heuristic methods must be used 
for all of the optimality methods. Finding the optimal tree cannot therefore be 
guaranteed, especially for large data sets with a low phylogenetic signal which are likely 
to have multiple optimal trees that are structurally quite different (Maddison 1991). 
These 'islands' of trees may not easily be found by heuristic techniques. The Maximum 
Likelihood (ML) method is the most computationally intensive method as the first step 
in double optimisation has no simple analytical solution unlike all of the other methods 
(Fukami and Tateno 1989). 
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The power of a method refers to the response of the method to increasing amounts of 
data (Olsen 1987); with an increasing number of characters in the original data matrix a 
method is expected to converge to a single tree i.e. a limit is reached beyond which 
further increases in data do not change the tree produced (Penny and Hendy 1986). A 
powerful method is one in which the convergence occurs with a relatively small number 
of characters (Hillis, Huelsenbeck et al. 1994). All of the tree building methods omit 
some of the character information but compared with character-based methods, all the 
distance methods involve a large loss of information in converting the original data into 
distances. This is because there will be multiple character data sets that produce exactly 
the same distance matrix (Felsenstein 1982). The problem becomes worse for 
increasing numbers of taxa and characters (Steel, Hendy et al. 1988). Calculating 
distances is also a problem when the aligned sequences contain terminal length 
variations, indels or ambiguous nucleotides as the models of nucleotide evolution are 
based on estimating rates of transitions and transversions only (Hillis, Moritz et al. 
1996). 
The consistency of a tree-building method refers to its ability to converge on the correct 
tree with an increasing number of characters in the data matrix (Felsenstein 1988). 
Consistency is related to the assumptions and evolutionary model on which the method 
is based. There are fundamental assumptions underlying all tree-building methods e.g. 
that evolution proceeds as a continuous-time Markov process (Beanland and Howe 
1992). The most notable assumption is that character state changes are independent and 
identically distributed (Swofford, Olsen et al. 1996). If evolution has occured then this 
assumption is generally not true. Distance methods are particularly sensitive to this 
problem and will also be inconsistent if the data are not additive as is the case when any 
homoplasy exists (Felsenstein 1988). Since distances are only estimates of 
evolutionary divergence and are expected to vary randomly around the true divergence 
value then negative branch lengths are theoretically possible when there is homoplasy 
(Swofford, Olsen et al. 1996). All methods will be inconsistent if the amount of 
homoplasy is large and if there are juxtaposed long and short branches on the tree 
causing 'long branch attraction' (Felsenstein 1978) where long branches are linked 
together when, in reality they may be separated by relatively short branches. Before 
long-branch attraction can be invoked as a mechanism for grouping sequences it should 
be established that separation of the branches gives a statistically worse phylogeny and 
that methods less sensitive to the problem, such as Maximum Likelihood, separate the 
branches. 
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Methods that incorporate an underlying model for sequence evolution are becoming 
increasingly relied on to produce phylogenetic trees. This has resulted in Parsimony 
analysis falling somewhat from favour particularly when considering a trade-off 
between consistency and efficiency (or power) i.e. the efficiency of Parsimony 
decreases with increasing number of characters while consistency increases. However, 
if a method will correctly reconstruct a phylogeny given an infinite amount of data, a 
finite dataset does not recommend the method (Hillis, Huelsenbeck et al. 1994). 
Simulation studies were carried out involving a four taxon tree evolving under either the 
Kimura 2-parameter (K2P) model of evolution, where transitions are more likely than 
transversions or Jukes-Cantor (JC) model of equal base frequencies (Hillis, 
Huelsenbeck et al. 1994). Maximum Likelihood and Maximum Parsimony methods 
were compared with Neighbour Joining and other distance methods with respect to the 
probability of estimating the correct tree under conditions of equal branch lengths and 
combination of long and short branch lengths. Under equal branch length simulation, 
Weighted Parsimony (K2P) and ML significantly out-performed all the distance 
methods. When branch-length inequalities are introduced, only ML (K2P) estimated 
the correct tree (Hillis, Huelsenbeck et al. 1994). Although model-based methods are 
statistically and philisophically preferable and in the case of Maximum Likelihood 
certainly more powerful, Parsimony, by virtue of retaining the original sequence data 
still provides a means for generating an accurate tree given a consistently informative 
dataset. Of all the methods, Maximum Likelihood is least affected by sampling error 
and is also robust to many violations of the assumptions used in its models. 
A model of nucleotide evolution must be chosen for model-based phylogenetic 
analysis. Some models, from specific to general are JC (Jukes and Cantor 1969), F81 
(Felsenstein 1981), K2P (Kimura 1980), SYM (Zarkikh 1994), HKY (Hasegawa, 
Kishino et al. 1985), and GTR (Rodriguez, Oliver et al. 1990). Equal base frequencies 
are assumed by JC, K2P, and SYM. JC and F81 allow a single substitution type. K2P 
and HKY allow two substitution types (transitions vs transversions), and SYM and 
GTR allow all sustitution types. GTR (general time-reversible) is thus the most general 
model, as it allows for variation in base frequencies and all substitution types. In 
addition to the model, rate heterogeneity across sites can be accounted for. This is an 
important parameter in terms of rDNA sequence data, which can be a mosaic of 
conserved and variable regions. Without correction for rate heterogeneity, the highly 
conserved regions can mask the amount of change at rapidly evolving sites. Thus 
Maximum Likelihood will underestimate the number of multiple changes; the longer 
the branch-length the greater the underestimation. Maximum Likelihood can be as 
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affected by long-branch attraction as Maximum Parsimony, which assumes equal rates 
(Swofford, Olsen et al. 1996). A continuous distribution model for modelling rate 
heterogeneity is the gamma distribution with shape parameter alpha (Yang 1993). Alpha 
is equal to the inverse of the coefficient of variation of the substitution rate, so as alpha 
increases, the distribution converges to an equal-rates model (Swofford, Olsen et al. 
1996). A combined model can be applied in which a fraction of the sites are invariable 
and the remainder distributed according to gamma distribution with shape parameter 
alpha. This is the ideal rate-heterogeneity model for SSU rDNA sequences. 
Parameters for a chosen nucleotide substitution model and for rate heterogeneity can be 
estimated from a given tree. If this free approximates the most likely topology then the 
parameters can be fixed for a subsequent tree search. Parameter estimates have been 
shown to be fairly stable across tree topologies as long as the trees are not "too 
wrong" (Yang 1996). This allows Maximum Likelihood phylogenetic analysis of 
comparatively large datasets which would otherwise be computationally impossible. 
This however, relies on selecting the nucleotide substitution model which best reflects 
the data. Likelihood ratio tests (LRTs) can now be used to assess underlying 
substitution models for those that best explain the data. As with Maximum Likelihood 
in parameter estimation, LRTs are known to outperform other hypothesis tests under 
many conditions (Huelsenbeck and Rannala 1997). The LRT statistic (and 
accompanying P-value) is used to test two hypotheses, the null and alternative 
hypotheses. The likelihood is maximised under both hypotheses and the likelihood 
ratio provides a measure of the support for one hypothesis versus another. This LRT 
statistic can be used to compare each sustitution model where the simpler model is the 
null hypothesis. Thus the model or models, which in the end are not rejected best 
describe the data. LRTs are being increasingly used to address many biological 
questions for which there are two competing hypotheses such as the existence (or not) 
of a molecular clock (Felsenstein 198 1) and do phylogenies mirror (or not) that of the 
host (Huelsenbeck and Rannala 1997). 
After the free has been produced from the data it may be assessed for robustness and 
magnitude of phylogenetic signal. Quantifying the phylogenetic signal may be achieved 
by the determination of consistency and homoplasy indices for parsimony methods and 
other analytical statistical tests for the other methods (Swofford, Olsen et al. 1996). The 
degree of support for each branch in the free (robustness) is assessed by analytical 
procedures such as confidence limits, branch length variances and likelihood-ratio tests, 
and by resampling procedures such as bootstrap, jacknife and topology-dependent 
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permutation (Hillis, Moritz et al. 1996). Trees generated by Maximum Likelihood by 
the succesive approximation method of fixing ML parameters for ML search can be 
evaluated against the starting tree and themselves used as starting trees for further ML 
analysis. 
Inferring evolutionary phenomena from phylogenetic tree shape 
The realisation that phylogenies reflect macroevolutionary processes has led to a 
growing literature of theoretical and comparative studies of tree shape. Two aspects of 
tree shape are particularly important; branching order and the distribution of branch 
lengths. Cladistics is concerned with branching order; only the distribution of tips 
across nodes in binary trees is considered. This is the most widely considered aspect of 
tree topology and refers to the extent to which nodes define subgroups of equal sizes 
(Mooers and Heard 1997). The 'mode' of evolutionary phenomena is studied by 
seeking biological explanations for patterns in branching order. Evolutionary 'tempo' 
on the other hand is studied by applying branch length information to those branching 
patterns. 
The equal-rates-Markov null model proposed for branching order is the starting point 
for tests that incorporate branch length information (Slowinski and Guyer 1989). Given 
branch lengths, a time axis may be assigned to the tree, allowing analysis of the 
variation in diversification rates among extant lineages as well as variation in rates as a 
whole dade diversifies (Mooers and Heard 1997). Branch length data from molecular 
phylogenies can be related to evolutionary time if a model of molecular evolution is 
applied that assumes clock-like accumulation of genetic change (Wilson, Ochman et al. 
1987; Li 1993). This assumption of a molecular clock allows inferred branch lengths to 
be read as time intervals, i.e. a time axis can be placed on the tree. Fossils are required 
to calibrate and validate the clock, and their absence in nematodes invalidates clock 
assumptions for nematode molecular phylogeny. In addition, extreme rate differences 
in inferred accumulation of changes are seen between taxa (Blaxter, De Ley et al. 1998) 
and a molecular clock is most often rejected by likelihood ratio test (Huelsenbeck and 
Rannala 1997). 
In SSU rDNA analysis (Blaxter, De Ley et al. 1998), the distances between genera 
within the Rhabditina are similar to those seen between tetrapod classes (Fitch, Bugaj-
gaweda et al. 1995; Fitch and Thomas 1997). On the contrary, compared to some of 
their morphologically homogeneous but genetically divergent free-living relatives 
28 
(Fitch, Bugaj-gaweda et al. 1995), the genetic divergence between taxa in the 
Strongylida and also between the four parasitic orders Ascaridida, Spirurida, Oxyurida, 
and Rhigonematida is remarkably low. This pattern suggests either a relative slowdown 
in molecular evolutionary rates, correlated with the adoption of the parasitic mode of 
life, or an increase in the relative rate of morphological evolution (and thus recent 
radiation), or both. One possibility is that the molecular evolutionary rate is correlated 
with generation time (Bromham, Rambaut et al. 1996): many animal parasites have 
longer generation times and shorter inferred branch lengths in the molecular 
phylogenies. However, comparative analysis of branch length with generation time has 
thus far shown no significant association (M. Blaxter, pers. corn.). If we assume that 
rates of molecular change (per unit evolutionary time) are not radically different 
between animal parasites and their free-living relatives, the conclusion can be drawn that 
both the Strongylida and the compound parasitic dade of Ascaridida, Spirurida, 
Oxyurida, and Rhigonematida have radiated very rapidly to colonize the majority of 
vertebrate species (particularly terrestrial species). This could have been achieved 
through two mechanisms: co-speciation (parallel phylesis), or colonization followed by 
speciation - alternatives that can be tested by looking at patterns of congruence between 
host and parasite phylogenies (Page 1996). At higher levels (ordinal to familial) there is 
no correspondence and thus the current model is of explosive horizontal transfer to 
multiple hosts after initial independent inventions of parasitism. Intimate co-speciation 
of parasites and their hosts may also be less common than expected as suggested by 
the Australian strongyle study described earlier (Chilton, Gasser et al. 1997). 
In addition to mode and tempo of evolution, studies of tree shape may help detect mass 
extinctions and adaptive radiations, measure continuous variation in speciation and 
extinction rates, and associate changes in these rates with ecological or biogeographical 
causes (Mooers and Heard 1997). 
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2 	PRECIS OF RESEARCH 
2.1 	Obtaining sequence information 
Sequence data is obtained from both fresh and fixed nematode tissue. For fixed 
specimens, DNA extraction and sequence determination are not trivial procedures and 
form a major part of the research. Morphological methods have always had a distinct 
advantage in their applicability to the extensive collection of fixed specimens from 
museums (Hillis 1987). The majority of molecular techniques require fresh or 
ciyopreserved material although it is becoming increasingly possible to amplify DNA 
from fixed material (Thomas and Paabo 1993; Hillis, Moritz et al. 1996; Hemiou, 
Pearce et al. 1998). No more than 1 -200bp of sequence however, have been PCR 
amplified from tissue fixed in formalin for any length of time and the quality of 
sequence is highly variable depending on the size and type of tissue as well as 
conditions of temperature and composition and application of fixative. Fixation is based 
on the reactions of formaldehyde with biological macromolecules. These reactions are 
not well understood and are difficult to reverse yet no adequate replacement fixatives 
have been introduced. Efficient and reproduceable amplification from fixed material has 
wider applications than phylogeny. The collection of live specimens is now largely 
prohibitive for various reasons, and so gene libraries may be the only way in the future 
to preserve biodiversity, by the storage of genetic information of organisms. 
2.2 	Phylogenetic aims and objectives 
This part of the research involves the application of powerful computational procedures 
to DNA sequence data to address phylogenetic problems within the phylum Nematoda. 
Alignment of sequence information forms the starting point to address some biological 
questions both in terms of classification and of origins, mode and tempo of ecological, 
biological and evolutionary phenomena. The objectives of applying coherent phylogeny 
to nematode evolution are reasoned below. Empirical evidence suggests that it is better 
to resolve phylogeny by the addition of taxa rather than other sequence information 
(Graybeal 1998). With this premise in mind the current SSU rDNA dataset (Blaxter, 
De Ley et al. 1998) can best be improved by restoring the balance of taxa as 
representative of the phylum as a whole rather than concentration in areas of 
economical significance. In addition to an attempt to clarify some of the main branches 
within the nematode tree, a serious and in depth study is made of a part of the tree in 
which there is no agreement in phylogeny, classification, or systematics. This concerns 
the parasitic genus Strongyloides and close relatives, and also diplogasterids, possibly 
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fundamental players in the evolution of Cephalobina, Rhabditina, or both. My intention 
within this thesis is to have addressed the following key issues: 
Enoplia 
Enoplia represent an old and diverse group of nematodes and contain mostly 
free-living nematodes but also both plant and animal parasites. It has been 
proposed that Enoplia are a monophyletic group distinct from the rest of 
Nematoda. This is based primarily on comparative embryology (Malakhov 
1994) and morphology (Andrássy 1976; Lorenzen 1994). Current molecular 
analysis does not support this view (Blaxter, De Ley et al. 1998) but rather 
indicates two clades of indistinct origin, both containing plant parasites, usually 
classified within the order Dorylaimida, that vector plant viruses and have a 
roughly similar mechanism for piercing plant walls. Thus far, Mononchida 
appear to represent a derived non-parasitic group contained within an 
assemblage of parasites and closely related to Mermithida (Blaxter, De Ley et 
al. 1998). Mononchids have a heavily cuticularised oesophagus and 
pronounced tooth. Phylogenetic analysis of Enoplia is the subject of chapter 8. 
The following questions are posed: 
• Is Enoplia monophyletic? The inclusion of more free-living enoplid (sensu 
lato) taxa may help consolidate the position of Enoplia within the phylum. 
• Can the cleavage pattern in the early embryo be consolidated with 
phylogeny? 
• Characteristic of Dorylaimida is an odontostyle, or protrusable spear. Can 
the origins and evolution of this trait be traced? 
• Has plant parasitism arisen independently in Longidoridae and 
Trichodoridae? 
• Is the Mononchid oesophagus derived or ancestral within the group? 
• Are there separate origins for plant and vertebrate parasites? 
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Chromadoria 
Chromadoria has more described members than any other nematode group. 
This has not been reflected in the sampling to date. Most chromadorids are 
marine nematodes, some are freshwater and a few are terrestrial. No true 
chromadorid parasites of vertebrates have been recorded although some are 
facultative 'parasites' of the gills of crabs, ectoparasites of polychaetes, or 
endoparasitic in oligochaetes. This ecology suggests that Chromadoria 
represent the ancestral origins of Nematoda although an early divergence of 
Enoplia and Chromadoria has been proposed (Andrássy 1976; Malakhov 
1994). The chromadorid origins of Secementea are well evidenced (Andrássy 
1976; Maggenti 1983; Anderson 1992; Malakhov 1994) although precise 
origins remain to be identified. Monhysterida show many characteristics 
intermediate between 'Adenophorea' and Secernentea: early establishment of 
bilateral symmetry and sometimes didelphic gonads indicative of Adenophorea 
yet a valveless cylindrical cuticularised pharynx which although not 
secementean is proposed to be ancestral to the class (Chitwood and Chitwood 
1974). Plectidae has been classified within Monhysterida (Chitwood and 
Chitwood 1974) but is generally considered as Chromadorida. Some plectids 
contain the monhysterid type pharynx and others contain pharyngeal valves 
indicative of Secementea. Another chromadorid, Teratocephalus has also been 
proposed as a close extant relative of nematodes that gave rise to Secementea. 
Chromadona are covered in chapter 9 and the following key issues are 
discussed: 
• Does the addition of chromadorid taxa help resolve the evolutionary origins 
and expansion of the phylum as a whole i.e. will more balanced sampling 
help anchor Secernentea and Enoplia? 
• Is there molecular evidence for two distinct nematode groups: Enoplia and 
ChromadorialSecernentea? 
• Does Secernentea have Monhysterid origins? 
• Is Plectus basal to or within Secementea? 
• If within, did the compound parasitic Ascaridida, Spirurida, Oxyunda, 
Rhigonematida (ASOR) arise from within Plectidae? 
• What is the phylogenetic position of Teratocephalus? 
• Can the origins of pharyngeal valves be proposed? 
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Ascaridida, Spirurida, Oxyurida, and Rhigonematida 
SSU rDNA sequence divergence is lower within different orders of the dade 
comprising the orders Ascaridida, Oxyurida, Spirurida and Rhigonematida than 
is seen within some nematode genera. Thus the current assignment of higher 
taxa is not supported by molecular analysis (Blaxter, De Ley et al. 1998). All of 
the orders in this dade are parasitic and use vertebrates or arthropods as hosts. 
The spirurids contain many species that are vectored by a variety of arthropod 
intermediate hosts. There are numerous arthropod gut parasites in this dade 
suggesting that oral ingestion might be ancestral. A number of points are 
addressed in chapter 10: 
• Can the parasite phylogeny be compared to that of the host i.e. is there any 
evidence of cospeciation between host and parasite? 
• Is there a pattern to the mechanisms and occurrence of vector utilisation in 
terms of arthropod intermediate host? 
• Did parasitism arise within Chromadoria? 
• Closest free-living relatives in Plectidae: can a mechanism for oral ingestion 
and subsequent parasitism be proposed? 
Can the origins and directionality of tissue migration, tissue tropism and 
other life history characteristics be elucidated? 
Cephalobina 
Cephalobina are proposed to arise from Teratocephalina (De Ley 1995) and 
form a diverse group of nematodes. Two clades are proposed within the sub-
order by molecular analysis (Blaxter, De Ley et al. 1998) (see fig 1.4). The first 
of these groups aphelenchs and tylenchs, usually thought to have risen from 
diplogasterid ancestry, with free-living cephalobids. The second dade groups 
panagrolaimids, with steinernematids and Strongyloides. With the addition of a 
number of key taxa to previous phylogenetic analyses, chapters 14, 15, 16, and 
17 address the following issues: 
• Is the division into two clades supported? 
• Is there any support for teratocephalid origins? 
• Can the origins of the stylet in tylenchs/aphelenchs be pin-pointed? 
• Can a Strongyloidoidea superfamily be supported by phylogeny? 
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• Are alloionematids members of the superfamily? 
• Are panagrolaimids also members? 
• Is biochemical divergence within Steinernematidae mirrored in molecular 
divergence? 
• Is congruence evident between steinernematid and endosymbiont 
phylogenies? 
• Does this dade hold the origins of the infective L3 stage of parasites? 
• Are the shared features of Alloionema and Rhabdias bufonis supported by 
phylogeny? 
• Are the shared features of Rhabdias bufonis and Strongyloides supported 
by phylogeny? 
• Is Parastrongyloides ancestral to Strongyloides? 
• Is there a deep divergence within the genus Strongyloides? 
• Are patterns in host utilisation reflected in phylogeny? 
• Is there any evidence of cospeciation between host and parasite within 
Strongyloides? 
• Are there molecular and morphological/ecological correlates within the 
genus? 
• Are S. papillosus and S. suis the same species? 
• How closely related are the rat parasites S. ratti and S. venezuelensis? 
• What are the origins of the recently described human parasite S. fuelleborni 
kellyi? 
• Can the evolutionary direction of traits such as ovary shape, stage of 
offspring in faeces, number of free-living cycles be mapped? 
• What is the closest free-living relative to Strongyloides? 
Rhabditina 
Rhabditina consists mainly of free-living rhabditids and parasitic Strongylida. 
By molecular analysis diplogasterids are also incorporated within a well 
supported 'Rhabditina' dade (Blaxter, De Ley et al. 1998). Large genetic 
distances are observed between genera within this dade suggesting ancient 
divergence. However, in the parasitic, morphologically diverse and ecologically 
complex Strongylida however very little genetic divergence is evident 
suggesting recent explosive radiation. The topics addressed in chapters 12 and 
13, are as follows: 
34 
• Are diplogasterids genetically diverse? 
• Is Pseudodiplogasteroides ancestral within diplogasterids? 
• Are diplogasterids ancestral to Rhabditina? 
• Does the addition of more diplogasterid taxa resolve the relationship 
between Cephalobma and Rhabditina? 
• Is the diplogasterid stoma derived? 
• Is the close relationship proposed between diplogasterids and aphelenchs/ 
tylenchs totally without foundation? 
Phylum overview 
With judicious choice of taxa representative of the phylum, it may be possible 
in addition to resolving key 'adenophorean' radiations, to show directionality in 
secernentean groups. A phylogenetic framework for the phylum is presented in 
chapter 11 and overview of key radiations in an evolutionary context is shown 
in chapter 18. The following points are discussed: 
• What are the origins of Cephalobina and Rhabditina? 
• Are there patterns in the apparent multiple evolution of life histories? 
• Are there any major phylogenetic 'holes' still to be filled? 
• Can a timescale be applied to the radiation of parasitic groups? 
• How does a revised SSU rDNA analysis compare with previous SSU 
rDNA accounts? 
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3 	REVERSING THE EFFECTS OF FORMALIN FIXATION 
Introduction 
Much of this research involves the extraction, amplification, cloning and screening of 
genetic material from fixed specimens. Sequence information is obtained by automated 
sequencing of the PCR amplified marker sequence (Appendix Al). From fresh, live 
tissue the procedure is relatively straightforward and is outlined in figure 3.1. The 
formalin derivatives or ethanol traditionally used to store these specimens inhibit many 
molecular techniques such as the protease digestion of the sample and the PCR 
amplification of marker sequences, an essential first step in the study of molecular 
phylogeny and systematics. These problems are compounded when dealing with 
minute amounts of material such as nematodes, which typically are 1-5 mm in length. 
Formalin is the aqueous solution of formaldehyde, a highly reactive colourless gas, the 
structure of which is shown in figure 3.2a. Formalin is phosphate buffered, contains 
around 37% formaldehyde by weight and usually 7% methanol to prevent 
formaldehyde polymerisation. Nematodes are usually immersed in hot formalin (70 0 
800) before transfer into 30% glycerol. After complete dehydration they may be 
mounted onto slides. In addition to the problems in amplification of fixed material, the 
samples will have been previously handled and are almost invariably contaminated with 
host, human, bacterial, or fungal material. 
3.1 	Mechanism of formaldehyde fixation 
The interactions of formaldehyde with macromolecular structures are unclear to this 
day. It was traditionally thought that DNA is progressively destroyed (Hamazaki, 
Koshiba et al. 1993) altered by hydroxymethylation (Karlsen, Kalantari et al. 1994) or 
irreversibly cross-linked by the action of formaldehyde, which is known to react with 
proteins via thiols, phenolic groups and terminal amino groups (Attwood and Quayle 
1984). It is perhaps more likely that aggregates are formed between inactivated proteins 
which when bound to DNA render the nucleic acid inaccessible to the 
thermopolymerases in the PCR reaction or inhibit effective denaturation of the DNA to 
allow binding and/or extension of the primer. No more than 1 00-200bp has been 
amplified from material fixed for more than a small period of time and the length of 
PCR product is inversely correlated with time of fixation (Karlsen, Kalantari et al. 
1994). To enable fixed samples to be protease digested and PCR amplified the 
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Figure 3.1 
Diagrammatic representation of the protocol for obtaining sequence from fresh, unfixed 
specimens. A single worm is digested. The full-length SSUrDNA gene is amplified 
directly from the digest using conserved primers. The product is sequenced in both 
directions and overlapping sequences assembled to build a consensus. Full protocol and 
primers used for amplifying and sequencing (illustrated here by orange arrowheads) are 
described in Appendix Al. 
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Polarisation of the carbonyl group 
Figure 3.2 
Structure of formaldehyde (a) and properties of the carbonyl group as a basis for 
reaction schema (b). Refer to text for details. Adapted from Hart (1987). 
The functional group of formaldehyde (and other aldehydes) is the carbon-oxygen 
double bond of the carbonyl group, the properties of which are illustrated in figure 
3.2b. Oxygen is much more electronegative than carbon. Thus the electrons in the C=O 
bond are attracted to the oxygen, and the bond is highly polarised (see fig. 3.2b). 
Consequently, many reactions of carbonyl compounds involve attack of a nucleophile 
(supplier of electrons) on the carbonyl carbon atom. It is the extreme polarity of the 
carbonyl group on such a small molecule as formaldehyde, which causes 
polymerisation in the absence of intra-polymeric hydrogen bonding. However, carbonyl 
compounds readily form hydrogen bonds with other OH or NH compounds and are 
thus soluble in water. 
The carbon of the carbonyl group has a partial positive charge. The it electrons of the 
CO bond move to the oxygen atom, which because of its electronegativity can easily 
accommodate the negative charge that it acquires. When these reactions are carried out 
in an aqueous environment, they are usually completed by addition of a proton to the 
negative oxygen, forming a hydroxyl group. Hydroxymethylation (the covalent 
modification of a hydroxyl group) seems unlikely as this reflects the opposite of what 
is observed. Rather, the combination of hydroxyl group and aldehyde leads to a highly 
unstable combined ether-hydroxyl group, which is rarely isolated. Even if 
hydroxymethylation did occur it would be easily (and naturally) reversible. 
3.2 	Targets for formaldehyde 
The primary amino groups of lysine residues and the N-terminus of proteins are 
probably the main targets for formaldehyde. Amines have an unshared electron pair on 
the nitrogen atom and act as nitrogen nucleophiles toward the carbonyl carbon atom 
(Hart 1987). The reaction mechanism of formaldehyde with a primary amine is 
illustrated in figure 3.3. The first product formed is a dipolar ion. The positive nitrogen 
loses a proton and the negative oxygen gains a proton, thus forming a tetrahedral 
addition product. The elimination of water then gives the observed imine or 'Schiff's 
base' product (see fig. 3.3). Schiff's bases are important intermediates in some 
biochemical reactions, particularly in the capacity illustrated here of binding carbonyl 
compounds to the free amino groups of proteins. Thus, in vivo they are normally 
reversible. Since nematodes are fixed in hot formalin it also seems likely that some 
denaturation of DNA takes place and given the high surface area to volume ratio of 
nematodes it is probable that formaldehyde will form imines with the free amino groups 
of adenine, cytosine, and guanine within internal cellular structures before renaturation 
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can take place. Localised renaturation will be then be inhibited due to the steric 
hindrance and loss of H-bonding potential of the imine groups. DNA modification by 
formaldehyde will presumably take place at other single stranded sites e.g. during 
transcription etc. at the time of fixation. The amino targets for formaldehyde 
modification are shown in figure 3.4. 
3.3 	The effects of ethanol on biological material 
Ethanol preserves specimens by the inhibition of cellular enzymes. This process is 
assumed to be complete and irreversible and thus samples must be rehydrated in 
increasing concentrations of H20  before protease digestion and DNA extraction. DNA 
is readily extracted from mammalian tissue previously stored in ethanol (Thomas and 
Paabo 1993). In ethanol stored nematodes (personal observations) and other 
invertebrates (Chase, Etter et al. 1998) however, DNA has been notoriously difficult to 
extract and the nematodes themselves have been difficult to digest with protease K in 
comparison with either fresh or formalin-fixed specimens (personal observations). 
DNAses are not irreversibly inhibited by ethanol and some marine invertebrates have 
highly stable DNAses with up to 18 disulphide bonds, which show 50% activity in 1 M 
urea, 0.1% SDS, 30% ethanol, and no reduction of activity in 0.8% dithiothreitol (DTT) 
or B-mercaptoethanol (BME) (Menzorova, Markova et al. 1994). In addition, nucleases 
with high activity and the presence of protease K inhibitors have been shown for 
isopods (H. Shulenberg, pers. comm.). A minimum of 95% ethanol has been 
recommended for long term storage (Thomas and Paabo 1993). 
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A reaction scheme for imine formation via a tetrahedral intermediate. The general 
scheme involves nucleophilic attack by a primary amine on the carboxyl group of an 
aldehyde (in this case formaldehyde). In vivo, this reaction is reversible. Adapted from 
Hart (1987). 
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Primary amino targets for the action of formaldehyde. In addition to the primary amino 
group of the lysine residue the terminal amino group is also a potential target depending 
on the surrounding environment. Lysine is shown here (top) as the N-terminal amino 
acid; the terminal amino group and polypeptide backbone are illustrated in blue. The 
primary amino groups are highlighted in yellow. Three of the four DNA bases (bottom) 
possess primary amino groups, which are essential for H-bonding in the double helix 
structure of DNA. Any modification of the amino groups of the bases by formaldehyde 
may occur only in single stranded regions. Adapted from Hart (1987). 
Methods 
All Strongyloides specimens subjected to phylogenetic analysis with the exception of S. 
ratti and S. stercoralis had been previously fixed in formalin. Other nematode samples 
had been stored in 70% ethanol. Some had been mounted on slides after dehydration in 
glycerol and others had been subjected to DNA extraction procedures. None had 
proved amenable to PCR amplification by standard procedures (data not shown). In 
consideration of the amount of sample available (in some cases less than a single 
worm) optimisation of DNA extraction and amplification was essential. To this end >50 
C. elegans adult hermaphrodites were fixed in formalin and subsequently dehydrated in 
glycerol (Appendix Al). After 14 days in glycerol, 8 nematodes were rehydrated 
(Appendix Al) and incubated overnight in GTES buffer (lOOmIvI glycine, 0.05% SDS, 
10mM Tris/Ci, 1mM EDTA). EDTA (ethylenediaminetetraacetate) serves a dual 
function. Firstly, it is a weak carboxylic acid. Carboxylic acids can be formed by the 
oxidation of aldehydes thus the addition of EDTA forces the reaction to the left and 
thus helps convert formaldehyde to primary alcohol (methanol). In addition, EDTA has 
two primary nitrogen groups, which will help titrate free formaldehyde. The free amino 
acid glycine is the smallest amino acid and is present to titrate free formaldehyde in the 
parts EDTA can't reach e.g. within pockets in DNA- protein aggregation. The 
structures of EDTA and glycine are shown in figure 3.5. An aggressive detergent 
(sodium dodecyl sulphate; SDS) is used to permeate the nematode cuticle prior to 
protease digestion. Worms were then washed in 10 mMTris/Cl and subjected to 
digestion and direct PCR as with normal unfixed nematodes (see fig. 3.1 and Appendix 
Al). One of the eight samples fragmented during washing and was omitted from the 
analysis. Different universal primer sets were used to determine the maximum size of 
product that could be amplified from the formalin fixed samples. These primer sets are 
described in figure 3.6. For primer sequences and PCR cycling parameters see 
Appendix Al. 
20 live adult C. elegans hermaphrodites were immersed in 70% ethanol and stored at 
room temperature for two weeks. During rehydration of 5 of the samples, 10mM 
EDTA was added as a chelating agent to combat the action of DNAses. 13-
mercaptoethanol was added to another 5 samples to help denature DNAses rich in 
disulphide bonds. Both EDTA and 13-mercaptoethanol was added to a further 5 
samples. To eliminate any possibilty of DNAse activity during rehydration, another 5 
ethanol-stored samples were desiccated in a vacuum centrifuge. All samples were then 
subjected to protease K digestion and PCR amplification using the A/22R primer sets 
known to routinely amplify from C. elegans. 
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The structures of EDTA (ethylenediaminetetraacetate) and the smallest amino acid 
glycine, both components used to reverse the effects of formaldehyde (see text for 
details). EDTA has an overall negative charge and is normally used to chelate positive 
ions. Glycine is present in a zwitterion form, both in vivo and in this solution, where 
both amino and acid functional groups are ionised. 
Figure 3.6 
PCR amplification products from formalin fixed C. elegans after incubation in GTES 
(see text). Primer sets used were as follows: lane 1- A/26R, lane 2- 22F/DR, lane 3-
DF/18p, lane 4 A/26R (positive control; amplification from fresh C. elegans), lane 5-
22F/26R, lane 6- A122R, lane 7- A/9R, and lane 8- DF/DR. Product sizes are as 
indicated by marker. The PCR product in lane 3 was sequenced using the primer DF; no 
significant differences from the published C. elegans SSUrDNA sequence were 
observed. Cycling parameters, primer details and primer positions are in Appendix Al. 
Results 
Eight PCR products from single C. elegans digests are illustrated in figure 3.6. Seven 
of these were from formalin fixed products (lanes 1-3 and 5-8) and another was from 
fresh tissue (lane 4). Full length PCR products (1700bp) were unobtainable (data not 
shown) but products up to l000bp were readily obtained (see fig. 3.6). One of these 
products (fig. 3.6 lane 3) was subjected to automated sequencing (appendix Al) using 
a single forward primer (DF). There were no apparent differences to the published C. 
elegans SSU rDNA sequence (data not shown). A positive control is shown in lane 4, 
fig. 3.6 in which a product is amplified from a fresh non-fixed C. elegans digest, using 
the same primers as in reaction 1 (lane 1). PCR products were obtained from the four 
ethanol-stored subsets (EDTA, BME, EDTA+BME, and dessicated) All of these 
products were contaminants from a laboratory clone (data not shown). 
40 
Discussion 
For nematode material fixed in 70% ethanol, the processes of fixation render 
amplification of products impossible. It is probable that nematodes possess DNAses 
which are active in 70% ethanol. No PCR amplification of any sized fragment has been 
possible from nematode material stored at room temperature in 70% ethanol. It is 
perhaps significant that contaminants amplified from ethanol fixed samples were from a 
laboratory clone and thus introduced during the PCR amplification procedure. This 
supports the view that DNA, including any contaminating DNA within the sample, has 
been a substrate for DNAse activity. 
For material recently fixed in formalin, the processes of fixation appear to be reversible 
at least for products up to 1 000bp. The inability to amplify greater sized products 
suggests that formaldehyde is effecting some mechanism of irreversible fixation. Direct 
amplification of rehydrated recently fixed C. elegans nematodes, without GTES 
incubation produced no products (data not shown). This shows that the elements of 
GTES buffer have a direct effect in the reversal of formaldehyde fixation. The 
contribution of individual GTES components to the reversal process was not assessed. 
This procedure provides strong evidence that formaldehyde fixation is reversible and 
does not reduce the fidelity of the DNA sequence to a degree previously attested 
(Hamazaki, Koshiba et al. 1993) (Attwood and Quayle 1984; De Georgi, Sialer et al. 
1994). It remains to be seen how applicable this method is for different tissue types and 
storage conditions. For Strongyloides specimens, which were stored for over 10 years, 
this method, in itself, is insufficient. Direct sequencing of PCR products from fixed 
Strongyloides specimens gave low yield mixed populations of sequence. Cloning and 
screening (described later) of products detected only contaminants. This data supports 
the inverse relationship shown for length of PCR product as a function of fixation time 
(Karisen, Kalantari et al. 1994). The restrictive effects of formalin to molecular 
techniques and growing concerns about the safety aspects of formaldehyde usage has 
led to a search for alternative fixatives for field specimens. Some are currently 
commercially available but none are found to be as effective as formalin, both in terms 
of maintaining the integrity of tissue structure and ease of application. A common 
alternative to formalin fixation is to store samples in 70% ethanol. For most tissues for 
which ultrastructural study is not required, ethanol storage does not appear to have a 
detrimental effect on the application of molecular techniques. This is not the case with 
nematodes, which may have DNAses active in 70% ethanol, in common with some 
other marine organisms (Menzorova, Markova et al. 1994). 
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4 	EXTRACTING QUALITY DNA FROM FORMALIN-FIXED 
SAMPLES 
Introduction 
Nematodes fixed for long periods appear to be refractory to protease digestion; they are 
still structurally intact after 24 hours incubation with protease K. Formaldehyde 
fixation of the nematode cuticle seems extensive and irreversible even in the presence of 
an aggressive detergent (SDS). Apart from a lipid-containing epicuticle and 
carbohydrate-rich surface coat the nematode cuticle is mainly proteinaceous. The cuticle 
of C. elegans is extensively cross-linked by covalent disulphide bonds, tyrosine bonds 
and possibly glutamyl-lysine bonds. That the effect of formaldehyde on the cuticle 
seems irreversible may lend weight to a proposed thiol- and hydroxy-methylation 
action on cysteine thiol groups and tyrosine hydroxyl groups respectively, although the 
additional presence of the terminal lysine amine group provides a natural substrate for 
formaldehyde. Whatever the actions and targets for formaldehyde it is clear that the 
nematode cuticle, already extensively cross-linked and containing all the proposed 
substrates for formaldehyde, provides every opportunity for effective fixation. It is this 
effectiveness that has resulted in formalin as the nematologists' preferred choice of 
fixative. Enzymatic disruption of the fixed cuticle remains impossible for all but very 
recently fixed nematode specimens. 
Methods 
The cuticle clearly has to be physically disrupted. To this end, after GTES incubation, 
six fixed parasitic females of Strongyloides fuelleborni were picked from a slide (on 
which they were mounted in glycerol after formalin fixation 10 years previously), 
freeze-fractured in liquid N 2 and ground with a mini mortar and pestle. Whole genomic 
DNA was then extracted for subsequent PCR. The DNA extraction procedure employs 
the Nucleon HT extraction method from Scotlab (Appendix Al). This differs from 
other commercially available kits for DNA extraction in that the column resin binds the 
cell impurities rather than the DNA. The significance of this difference is illustrated in 
figure 4.1. 
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Cartoon of a standard DNA extraction procedure from e.g. Qiagen. Formaldehyde does 
not degrade DNA. This suggests that the PCR inhibition of fixed samples is partially due 
to limited proteolysis of the formaldehyde aggregated proteins. Since the column matrix 
in this system binds DNA, it will also bind the associated proteins thus rendering the 
eluted sample refractory to PCR. 
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Figure 4.1b 
Extraction protocol of choice for formalin fixed samples. In this system the column 
matrix binds the proteins and so any DNA extensively complexed with protein will not 
be eluted. DNA less complexed or free from protein aggregation will be eluted. For 
samples stored for extensive periods in formalin, yield of free DNA will represent a very 
small percentage of total DNA present in the system. 
Four Strongyloides samples; S. suis, S. papillosus, S. robustus, and S. westeri were 
supplied by Tom Moore as pre-extracted genomic DNA. Products greater than 1 SObp 
could not be PCR amplified from these samples which had been extracted from 
formalin-fixed material. S. suis genomic DNA was diluted 1:10 with GTES, incubated 
overnight and subjected to Nucleon HT extraction. Due to the constraints in length of 
PCR product from fixed samples, partial SSU rDNA sequence was amplified. The 5' 
400bp of the SSU sequence represents around 25% of the gene but contains almost 
50% of the phylogenetically informative sites of a dataset sampled across Secementea. 
In addition, the primer set A122R (see fig. 3.6), used to amplify the 5' -400bp, is 
known to routinely amplify from all nematodes tried. This region was chosen for 
phylogenetic analysis of fixed specimens. In addition, the primer set A/1 8P which 
amplifies the full length SSU rDNA gene was used to test the upper limit of product 
amplifiable using this extraction protocol. Primer sequences and PCR cycling 
parameters are described in Appendix Al. 
Results 
Figure 4.2 shows the result from PCR amplification. PCR from unfixed C. elegans 
forms the primer controls. A high yield of product is visible for the partial 5' sequence 
(lanes 1 and 2) but very poor yield of the full-length product from both fixed 
specimens (lanes 4 and 5). Origin and sequence of the full-length products could not 
be determined. Multiple products are evident from amplification of both the fixed 
samples (lanes 1 and 2). 
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Figure 4.2 
PCR products from fixed specimens. Primer sets: lanes 1-3, A/22R and lanes 4-6, A/ 18p. 
Lanes 1 and 4 contain products amplified from formalin-fixed S. fuelleborni samples and 
lanes 2 and 5 contain products amplified from S. suis previously extracted genomic 
DNA. Starting material from both sources was incubated in GTES (see text and 
Appendix A 1) and genomic DNA extracted using the Nucleon I-IT extraction kit (see fig. 
4.1). Lanes 3 and 6 are positive controls and contain products from fresh C. elegans 
samples. Comparing lanes 1 and 2 with 3, yield does not appear significantly reduced 
when short sequences are amplified (-400bp). Full-length products are obtainable from 
formalin fixed material (lanes 4 and 5, labelled with red arrow). Yield with full-length 
products is however extremely low (lanes 4 and 5 in comparison with lane 6) and these 
products could not be cloned. 
Discussion 
GTES incubation coupled with Nucleon HT extraction results in genomic DNA of 
sufficient quality for high yield PCR of at least 400bp in length. Since the starting 
material had been fixed for ten years this protocol should be applicable for most fixed 
material. Even previously extracted DNA (fig. 4.2 lane 2) can be 'cleaned' and 
rendered accessible to PCR. There appears to be some amplification of full length 
(-.4700bp) sequence (fig. 4.2 lanes 4 and 5) but the yield is extremely low and may 
represent either a contaminant or leaching of the C. elegans positive control sample in 
the gel. DNA yield is very low using this extraction method. Not only is the volume of 
starting material extremely limited, but a large proportion of the genetic material will be 
withheld in the matrix with aggregated proteins. Ribosomal DNA sequences provide 
ideal markers for amplification as they are present in many copies per genome and thus 
at least some of the copies in some of the cells will provide a template for PCR. 
Invariably, the PCR product contains a mixed population of sequence (note multiple 
bands in lanes 1 and 2, fig. 4.2). This is partially due to frameshift effects caused by the 
insertion of non-specific nucleotides at damaged or inaccessible regions of the template 
resulting in heterogeneous products of the same size but also due to contaminating 
sequences, reflected in products of different sizes. Band excision from the gel can 
eliminate the latter, but not the former. PCR products are therefore cloned, screened, 
and at least three clones sequenced in both directions to build a consensus sequence 
(Appendix Al). Although not a trivial procedure, extraction of quality genomic DNA 
from long-fixed specimens is now a reality. 
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5 	ISOLATION OF CORRECT SEQUENCE FROM MULTIPLE PCR 
PRODUCTS REQUIRES POSITIVE AND NEGATIVE SCREENING 
Introduction 
Contaminating material is a significant problem when dealing with preserved 
specimens. Parasitic nematodes may be contaminated with host material and free-living 
nematodes with fungal, plant, or other nematode food sources. Both parasitic and free-
living nematodes are subjected to other sources of contamination during collection and 
storage. In addition, when using universal primers to amplify from DNA extracted from 
formalin fixed material any contaminating template from researcher or in aerosol will be 
preferentially amplified due to the formalin inhibited low yield experimental template. 
5.1 	Colony screening in humanlStrongyloides mixed populations 
The apparent sequence divergence displayed within the genus Strongyloides is 
primarily confined to the 5' region chosen for phylogenetic analysis. Due to this 
divergence it is not possible to design Strongyloides specific primers to enable positive 
screening of clones. However, colony PCRs (Appendix Al) may be carried out using 
human specific primers to screen for the most likely source of contamination. Initial 
screening involves two steps. Firstly, colonies are screened by PCR using the same 
primers as for the initial cloned product. These colonies are then screened by PCR 
using human SSU rDNA specific primers. 
Methods 
PCR products from all fixed specimens are cloned (Appendix Al). 32 colonies from 
each cloned sample are screened for correct size insert and presence of human 
sequence. Six colonies containing clones, which amplify positive for insert and negative 
for human, are subsequently cultured for plasmid miniprep (Appendix Al). The 
screening strategy is illustrated in figure 5.1. The insert is then reamplified from the 
purified plasmid and treated with shrimp alkaline phosphatase and exonuclease to 
degrade the primers and dNTPs before automated sequencing (Appendix Al). Primers 
and PCR cycling parameters are outlined in Appendix Al. 
Positive selection 
Figure 5.1 
Screening procedure for eliminating human contaminants. 32 colonies are screened from 
each sample, in this case from S. fuelleborni (top) and S. suis (bottom). Colonies 
containing recombinant plasmids are first screened for correct sized inserts (left gel 
picture). Red crosses denote absence of insert and therefore clones that can be 
eliminated. Screening is then for the presence of human sequence (right gel picture). 
Yellow crosses denote clones, positive for insert and negative for human (faint bands in 
the right gel picture are false positives; amplification of human sequence gives high 
yield products). Up to 12 clones are picked for subsequent sequencing. 
Results 
Figure 5.1 shows positive and negative screening for S. fuelleborni, and S. suis. 
Screening with other fixed samples produced similar results (data not shown). 
Typically one in six of the clones chosen for sequencing are human. The remaining 
clones are pooled and inserts sequenced in both directions to build a consensus 
sequence for alignment and phylogenetic analysis. This procedure is effective for all 
formalin-fixed samples tried. 
Discussion 
An effective negative screening process is essential in the absence of specific primers 
for positive screening. Contamination is almost always derived from a human source 
regardless of the sterility of PCR laboratory technique and these contaminants can be 
easily eliminated. Selection based on a negative result is clearly less than ideal but does 
serve as an initial filter for subsequent screening for non-human contaminants, the 
source of which are usually other laboratory clones. A common contaminant is found 
to be from a fingernail fungus, Trichosporon cutaneum. The discovery of this 
contaminating SSU rDNA sequence was less than straightforward, an explanation of 
which is in the next chapter. 
6 	IN SEARCH OF STRONGYLOIDES STERCORALIS 
Introduction 
Prior to this present study, SSU rDNA sequences from two Strongyloides species were 
known, S. ratti (Blaxter, Dc Ley et al. 1998) and S. stercoralis (Putland, Thomas et al. 
1993). The divergence evident in these sequences is of the same order as that seen 
between different tetrapod classes. This suggests ancient divergence of the two species, 
rapid genetic evolution or both. An analysis of this divergence formed the primary 
impetus for this work. Inclusion of further Strongyloides taxa, and subsequent 
phylogenetic analysis of the genus could point to possible associations between 
important Strongyloides spp. as well as find morphological and ecological correlates 
for an apparently unusual radiation of an important parasitic group. This however 
proved more complicated than first imagined. 
6.1 	Compiling a Strongyloides dataset 
Genomic DNA from 9 Strongyloides specimens previously fixed in formalin was 
extracted as previously described. These taxa were: S. ransomi (syn. S. suis), S. 
papillosus, and S. westeri, which had been provided as genomic DNA samples, and S. 
fuelleborni, S. f kellyi, S. cebus, Strongyloides sp. from a pit viper, Strongyloides sp. 
from a spitting cobra, and Strongyloides sp. from a sheep, all of which had been 
provided as formalin fixed tissue. After DNA extraction from> 10 nematodes for each 
species, or re-extraction in the case of genomic DNA samples, PCR products were 
obtained using either A or G18S4 forward primer with 22R reverse primer (Appendix 
Al). These products of 400bp represent 5' partial SSU rDNA sequence and are the 
most phylogenetically informative region of the nematode SSU rDNA sequence 
dataset. Cloning and extensive screening procedures were carried out as described for 
the exclusion of human sequence and also for common laboratory contaminants with 
cloned sequence from other sources. Products were reamplifled from pooled clones 
treated with shrimp alkaline phosphate and exonuclease I (Appendix Al). Automated 
sequencing, using the same primers used for amplification, resulted in obtaining a 
Strongyloides partial SSU rDNA sequence dataset. The sequences were aligned by eye 
to the existing Strongyloides sequences. Individual sequences either aligned to S. ratti 
or to S. stercoralis sequence. Limited divergence is evident within each group but a 
deep divergence is still evident between the groups. The two distinct groups are shown 
in Table 3. 
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Table 3 
Strongyloides partial SSU rDNA sequence, defined by two groups. 
Ratti-type 	 Stercoralis-type 
S. ratti 	 S. stercoralis 
S.suis S. westeri 
S. papillosus 	 S. cebus 
S.f kellyi S. fuelleborni 
Strongyloides sp. from spitting cobra * 	Strongyloides sp. from sheep 
Strongyloides sp. from pit viper 
Strongyloides sp. from spitting cobra* 
The main difference between the groups centres around a secondary structural element 
within the variable V2 region of the SSU rRNA molecule which appears to be the result 
of an apparent abberant cross-over or rearrangement and subsequent concerted 
evolution. The different V2 structures of S. ratti and S. stercoralis are diagnostic of the 
two distinct groups and are illustrated in figure 6.1. 
One sample PCR amplification (Strongyloides from a spitting cobra, marked with an * 
in Table 3) contains both 'ratti-type' and 'stercoralis-type' sequences. The spitting 
cobra in question may have had a mixed infection with two distinct Strongyloides spp. 
The possibility is raised however, that the observed difference in sequence between the 
groups is due to a polymorphism in the SSU rDNA gene. Another possibility is that 
one of the spitting cobra sequences, and therefore all sequences in that group, are from 










Variable V2 region of the SSUrRNA structure for S. stercoralis (a) and S. ratti (b). This 
region is responsible for the apparent genetic divergence between S. stercoralis and S. 
ratti. Both sequences over this region show 30% identity to that of C. elegans. The S. 
stercoralis region at 195 nucleotides is larger than the same region in S. ratti at 160 
nucleotides. The size and loop structure of S. stercoralis is more indicative of nematode 
V2 region than that of S. ratti. The S. stercoralis sequence is however, a fungal 
contaminant (see text). 
6.2 	Testing for the origins of Strongyloides sequence 
Specific primers (Appendix Al) for the 'ratti-clade' and 'stercoralis-clade' were 
designed based on the variable V2 region (see fig. 6.1) to eliminate the possibility that 
the observed sequence sampling reflected a polymorphism within the SSU rDNA gene. 
Clade specific amplification of genomic DNA gave the products shown in figure 6.2a. 
While amplification of S. ratti genomic DNA gave a 'ratti-group' specific product, 
both sequences were amplified from S. cebus (a representative of the 'stercoralis-
group'). Clade-specific amplification of PCR products, shown in figure 6.2b, indicate 
the presence of both 'ratti-type 'and 'stercoralis-type' sequence for all the PCR 
products tested. The most obvious conclusion from this data is that either the 'ratti-
type' sequence or more likely the 'stercoralis-type' sequence represents a 
contamination or indeed that the sequence is polymorphic within the rRNA loci. 
Analysis of sequence information 
Pairwise analysis (Appendix A2) was used to determine regions of high identity 
between sequences. Both S. ratti and S. stercoralis sequences show similar identities to 
the C. elegans SSU rDNA gene over full-length sequence (70% and 68% identity with 
S. stercoralis, and S. ratti respectively), 5' partial sequence (60% and 64%), and V2 
regions (70% and 68%). In addition, the size and structure of the S. stercoralis V2 
region (fig. 6.1) is more indicative of that displayed by nematodes than the V2 region 
of S. ratti. Phylogenetic analysis indicates a relationship, albeit of some distance, 




PCR products using specific primers for either the 'ratti-type' sequence (denoted by 
orange 'R') or 'stercoralis-type' sequence (orange S). Figure 6a shows products 
amplified from genomic DNA of S. cebus and S. ratti, representatives of the 'stercoralis 
dade' and 'ratti dade' respectively (see fig 6.1). While products from S. ratti genomic 
DNA are 'ratti-clade' specific, products from both 'ratti-' and 'stercoralis-type' 
sequences are amplified from S. cebus genomic DNA. Figure 6b shows the same 
products amplified from A/22R PCR products. S. suis and S. papillosus are 
representative of the 'ratti dade' and S. Jle11eborni and S. westeri of the 'stercoralis 
clade'(see fig 6.1). Both ratti-type and stercoralis-type sequences are present in all 
samples amplified from A/22R PCR products. 
NCBI blast search (Altschul and Gish 1990) was employed to determine homologous 
sequences with high identity to those of S. stercoralis, and S. ratti. Search of full-
length S. ratti SSU rDNA sequence returns other nematode SSU rDNA sequence with 
the highest identity scores. Full-length S. stercoralis SSU rDNA sequence on the other 
hand returns S. ratti SSU rDNA sequence but also scores in excess of 70% identity 
with a number of fungal sequences (Appendix A2). The S. stercoralis full-length 
sequence shows over 70% identity with both S. ratti and Trichosporon cutaneum (a 
finger nail fungus), suggesting that the S. stercoralis sequence is a hybrid of nematode 
and fungal sequence. Blast search with the Strongyloides partial 5' dataset chosen for 
analysis confirms the presence of a contaminant. As with full-length sequence, the 
partial S. ratti sequence returns other nematode sequence with the highest identity. The 
partial S. stercoralis sequence on the other hand, shows 99% identity with the sequence 
of T cutaneum. Figure 6.3 shows regions of high identity between both S. stercoralis 
and S. ratti sequence with a group of fungal sequences. Although it seems likely that 
the first 450 bases or so of the S. stercoralis sequence are fungal (see fig. 6.3), the 
strong identity to fungal sequence overlaps parts of the gene conserved throughout the 
animal kingdom. Highly conserved regions exist within the SSU rDNA sequence and 
so it is difficult to determine which segments within a hybrid sequence derive from 
which source. 
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Figure 6.3 
Blast search alignment of full-length S. stercoralis SSUrDNA sequence described by 
Putland et al (1993) with 50 sequences of highest identity. Local regions of highest 
identity are shown by solid lines and variable regions by hatched lines. Primers used by 
Putland et al to isolate the S. stercoralis sequence are shown by red arrowheads and 
primers used to reamplify and sequence regions by grey arrowheads. The two 
overlapping partial sequences amplified by Putland et al are indicated by red lines. The 
sequence with the highest identity to S. stercoralis is S. ratti. All other sequences are 
fungal. There is high identity for the 5' -450 bases across all but the S. ratti sequence 
suggesting this region in S. stercoralis is fungal in origin. 
Global comparison of sequence 
Pairwise distances were calculated and Pustell DNA matrices constructed (Appendix 
A2) to assess pairwise regions. Pustell matrices are constructed from a global pairwise 
alignment employing a 'sliding window' approach to identify extended regions of high 
identity. Matrices for S. rattil T cutaneum, S. stercoralisi S.ratti, and S. stercoralisi T. 
cutaneum, sequence pairs are shown in figures 6.4a, 6.4b, and 6.4c respectively. Taken 
together, the matrices suggest that only the 5' -400bp region is derived from a fungal 
contaminant, probably T cutaneum. From fig 6.4a, a pattern is shown in which the two 
homologous sequences have regions of high identity interspersed over the length of the 
sequences. The lines in fig. 6.4a correspond to regions conserved between disparate 
taxa (nematode and fungus). Fig 6.4b shows a pattern expected from two sequences 
from taxa which are closely related (nematodes from the same genus) with the 
exception of the first -'300bp indicating a distant relationship within this region. This 
strongly suggests the presence of heterogenous sequence. This pattern is reversed in 
fig. 6.4c in which the region of highest identity is the first 450bp. The pattern shown 
by the remaining sequence is identical to that of fig. 6.4a thus confirming that the S. 
stercoralis sequence is a hybrid of Strongyloides and fungal (probably T. cutaneum) 
sequence. The fungal part of the sequence is contiguous with the first significantly 
conserved region of the gene (cf flg.6.4a and 6.4c) and thus the exact position of 
'hybridisation' cannot be determined from this data. Comparison of Figs 6.4 a, b and c 
show that contaminating sequence is limited to this single region as the pattern shown 
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Stronqyloides ratti 
Figure 64a 
Pustell DNA matrix (see appendix A2) of T. cutaneum and S. ratti. This method uses a 
global alignment with a sliding window analysis. Each region where there is >65% 
identity over a 30bp window is marked by a dot in the matrix. The line deviates from 
linearity when mismatches occur and ends with six contiguous mismatches. The 
relationship shown here is between two highly divergent sequences (nematode and 
fungus) and thus the lines indicate regions conserved throughout the metazoa. 
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Strongyloides retti 
Figure 6.4b 
Pustell DNA matrix of S. stercoralis and S. ratti with alignment parameters as before. It 
is evident from this scoring matrix that the apparent deep divergence between these two 
sequences is almost entirely due to the first 300bp (200bp for S. ratti). Comparing this 
matrix with fig 6.4a suggests that the anomalous 5' sequence region may be less than the 
—450bp evident with standard alignment procedures (see fig. 6.3). Mismatches in 
sequence between S. stercoralis and S. ratti although presumably constrained by 
secondary structure elements seem to occur independently across the entire gene as 
would be expected in divergent evolution. The disparity in the 5' region can only be 
attributed then to a gross mutational effect or a contaminant from an exogenous source. 
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Strongyloides stercoralis 
Figure 6.4c 
Pustell DNA matrix of T. cutaneum and S. stercoralis. This matrix absolutely confirms 
the presence of a fungal contaminant contiguous with a conserved region of the S. 
stercoralis SSUrDNA gene. The pattern shown in this matrix is almost identical to that 
of T. cutaneum and S. ratti with the remarkable exception of the 5' -400 bases shown 
here. 
6.3 	Obtaining the correct S. stercoralis sequence 
S. stercoralis genomic DNA was extracted from a number of L3 larvae, supplied by G. 
Schad. The larvae were snap-frozen in liquid N2, physically disrupted, and DNA 
extracted using the HT extraction procedure from Scotlab (Appendix Al). Full-length 
S. stercoralis SSU rDNA sequence was amplified using the A forward primer and 18P 
reverse primer (Appendix Al), cloned, and sequenced in both directions as previously 
described. Re-sequencing of the S. stercoralis full-length SSU rDNA sequence 
confirms that the original S. stercoralis sequence contains a 5' '400bp region derived 
from another source. A clustal alignment (Appendix A2) of the S. stercoralis hybrid 
and corrected S. stercoralis sequence with the T. cutaneum sequence is shown in figure 
6.5. The S. stercoralis SSU rDNA sequence shows 90% identity with that of S. ratti 
and contains eight single nucleotide differences, from the S. stercoralis part of the 
previously published S. stercoralis sequence (see fig 6.5) confirming that there were no 
further contaminating regions within the original sequence. 
Initial introduction of the contaminant 
The S. stercoralis gene was initially amplified in two overlapping parts (Putland, 
Thomas et al. 1993), shown in fig. 6.3 as red lines. The patterns of identity shown in 
fig. 6.3 indicate that these overlapping fragments were indeed Strongyloides as the 
primers used are in areas of low identity to fungal sequences. In the original 
determination of the S. stercoralis sequence, this region corresponds to a segment, 
from position 1 to 395 of the gene, which was reamplified for manual sequencing (see 
fig 6.3) (Putland, Thomas et al. 1993). Clearly, the fungal contaminant was introduced 
at this point. The published SSU rDNA sequence of S. stercoralis is thus a hybrid 
comprised of 395bp of fungal sequence upstream to 137 lbp of S. stercoralis 
sequence. This undoubtedly means that the other Strongyloides sequences that align 
with S. stercoralis (see Table 3) are also fungal. It is now clear why there is such a 
deep divergence between S. ratti and S. stercoralis sequences! 
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10 	20 	30 	40 
T. cutaneum 	TACCTGGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAAAGATTAGCC 
Hybrid 	 -ACCTGGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAAAGATTGCC 
stercoralis 	------------------------------------- TNAAGATTNAGCC 
60 	70 	80 	90 
cutaneum 	ATGCATGTCTAAGTATAAACAAATTTATACCGTGAAACTGCGA.ATGGCTC 
Hybrid 	 ATGCATGTCTAAGTATAAACAATTCATACTGTGAcpGCTCTC 
S tercoral is 	AAGCANGTGTAAGGACAA- -TGTTTTAAAACATGAAACCGCGGAAGcTc 
110 	120 	130 	140 
Cu taneum 	ATTAAATCAGTTATAGTTTATTTGATGGTATCTTGCTACATGGATCTG 
Hybrid 	 ATTAAATCAGTTATAGTTTATTTGATGGTTTCTTGCTACATGGATAACTG 
stercora 1 is 	ATTATAACAGCTATAGACTACACGGTAAATATTT--TAGTTGGATCTG 
160 	170 	180 	190 
Cu taneum 	TGGTAATTCTAGAGCTAATACATGCTGAAAAGCCCCGACTTCTGGAAGGG 
Hybrid 	 TGGTAATTCTAGAGCTAATACATGCTNAAAAGCCCCGACTTcTGGGc 
sterCoralis 	AGGTAATTCTTGAGCTAATACACGCTATTTATACCACATT------AGTG 
210 	220 	230 	240 
Cu taneum 	GTGTATTTATTAGATAAA.AAACCAATGACTTCGGTCTTCTTGGTGATTCA 
Hybrid 	 GTGTATTTATTAGATAAAAAACCAATGACTTCGGGCTCCTTGGTGATTCA 
sterCoralis 	GTGCGTTTATTTGATTAAA ------ CCATTTTA --- TATTGGTTGACTCA 
260 	270 	280 	290 
CU taneum 	TAATAACTTCTCGAATCGCATGGCCTTGTGCCGGCGATGCTTCATTCAAA 
Hybrid 	 TAATAACTTCTCGAATCGCATGGCCTTGCGCCGGCGATGCTTCATTCAAA  
stercoralis 	AAATATCCTCGC--------TGATTTTGTTACTAAAACATACCGTATGTG 
310 	320 	330 	340 
cutaneum 	TATCTGCCCTATCAACTTTCGATGGTAGGATAGAGGCCTACCATGGTATC 
Hybrid 	 TTTCTGCCCTATCAACTTTCGATGGTAGGATAGTGGCCTACCATGGTATC 
stercoralis 	TATCTGGTTTATCAACTTTCGATGGTAGGGTATTGGCCTACCATGGTTGT 
360 	370 	380 	390 	396 
CU taneum 	AACGGGTAACGGGGAATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAA  
Hybrid 	 AACGGGTAACGGGGAATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAJ 
S. S tercoral is 	GACGGATAACGGAGAATTAGGGTTCGACTCCGGAGAGGGAGCCTGAGAAA 
410 	420 	430 	440 
T. cutaneum 	CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAATCCCG 
Hybrid 	 CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGAAAATTACCCAATTTTA 
stercoral is 	CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGAAAATTACCCAATTTTA 
460 	470 	480 	490 
Cu taneum 	ACACGGGGAGGTAGTGACAATAAATAACAATATAGGGCTCTATTGGGTCT 
Hybrid 	 GTTAAAAGAGGTAGTGACGAAAAATGACAACCAAATATTATTATTAATAT 
s tercoral is 	GTTAAAAGAGGTAGTGACGAAATGACAACCAAATATTATTATTAATAT 
510 	520 	530 	540 
cut aneum 	TATAATTGGAATGAGTACAATTTAATCCCTTAACGAGGAACAACTGGAG 
Hybrid 	 TTGGATTGAAAATCTTCAAGTTTAAATNACCTTGTTGGTAA--AGGAAAG 
s tercoral is 	TTGGATTGAAAATCTTCAAGTTTAAATAACTT-GTTGGTAA--AGGAAAG 
560 	570 	580 	590 
cutaneum 	GGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAGTAGCGTATA 
Hybrid 	 GGCAAGTCTGGTGCCAGCAGCCGCGGTAATACCAGCTTTCCAAGTGCATA 
S tercoral is 	GGCAAGTCTGGTGCCAGCAGCCGCGGTAATACCAGCTTTCCAAGTGCATA 
610 	620 	630 	640 
cutaneum 	TTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTCGAACTTCGGGCCTGGCGG 
Hybrid 	 AAATGATTGTTGTGGTTAAAAAGCTCGTAGTTGGATTATAAA ---GATTG 
stercoralis 	AAATGATTGTTGTGGTTAAAAAGCTCGTAGTTGGATTATAAA --- GATTG 
660 	670 	680 	690 
cutaneum 	GACGGTCTGCCTTACGGTATGTACTGTCTGGCTGGGTCTTACCTCTTGGT 
Hybrid 	 TATAATGAGCATCTTGG ---ATGTTATTTAATCA- - --TTATCATCTTAT 
S tercoral is 	TATAATGAGCATCTTGG --- ATGTTATTTAATCA ---- TTATCATCTTAT 
710 	720 	730 	740 
cu taneum 	GAGGCCGTATGCCCTTCATTGGGTGTGCGGTGGAACCAGGAATTTTACCT 
Hybrid 	 A----------- TTTTTATTATATTAGAAATAATATAATAACTGTCACTT 
stercoralis 	A-----------TTTTTATTATATTAGAAATAATATAATAACTGTTACTT 
760 	770 	780 	790 
Cu taneum 	TGAGAAAATTAGAGTGTTCAAAGCAGGCAAT - --TGCCCGAATACATTAG 
Hybrid 	 TGAATAAATCAGAGGGTTTAAACCAGACATTATATGTTTGTATGGTCTAG 
S. stercoralis 	TGAATAAATCAGAGGGTTTAAACCAGACATTATATGTTTGTATGGTCTAG 
810 	820 	830 	840 
T. Cut aneum 	CATGGAATAATAGAATAGGACGTGCGGTTCTATTTTGPTGGpTTCTAGG 
Hybrid 	 CATGGAATAACACTATAGAAAA---------ATTTAGTGTGGTTTCACTT 
sterCoralis 	CATGGAATAACACTATAGAAAA---------ATTTAGTGTGGTTTCACTT 
860 	870 	880 	890 
cutaneum 	TCGCCGTAATGATTAATAGGAACGGTCGGGGGCATTAGTATTCCGTTGCT 
Hybrid 	 AATTTTTCATGATTAATAGGAACAAACGGGGGCATTCGTATCGCTACGTT 
S terCoralis 	AATTTTTCATGATTAATAGGAACAAACGGGGGCATTCGTATCGCTACGTT 
910 	920 	930 	940 
Cu taneum 	AGAGGTGAAATTCTTAGATTTACGGAAGACTAACAACTGCGAAAGCATTT 
Hybrid 	 AGAGGTGAATTCTTGGACCGTAGCGAGACGTCCTACTGCGAAAGcATTT 
stercoral is 	AGAGGTGAAATTCTTGGACCGTAGCGAGACGTCCTACTGCGAAAGCATTT 
960 	970 	980 	990 
CU taneum 	GCCAAGGACGTTTTCATTGATCAAGAACGAAGGTTAGGGGATCAAAAACG 
Hybrid 	 GCCAAGAATGTTTTCATTAATCAAGAACGAAAGTTAGAGGTTCGAAGGCG 
S tercoral is 	GCCAAGAATGTTTTCATTAATCAAGAACGAAAGTTAGAGGTTCGAAGGCG 
1010 	1020 	1030 	1040 
Cu taneUm 	ATTAGATACCGTTGTAGTCTTAACAGTAAACTATGCCGACTAGGGATCGG 
Hybrid 	 ATCAGATACCGCCCTAGTTCTAACCGTAAACTATGCCTACTAG- -ATGTA 
S. stercoral is 	ATCAGATACCGCCCTAGTTCTAACCGTAAACTATGCCTACTAG--ATGTA 
1060 	1070 	1080 	1090 
T • CU taneum 	TCCACGTTATTTTCTGACTGGATCGGCACCTTCCGAGkTCAAAGTCTT 
Hybrid 	 TGAATTATTAGTTATAATTATTTATGCATCTTCTCGGAAACGAAAGTCTT 
stercoral is 	TGAATTATTAGTTATAATAATTTATGCATCTTCTCGGAAACGAAAGTCTT 
1110 	1120 	1130 	1140 
CU taneum 	TGGGTTCTGGGGGGAGTATGGTCGCAAGGCTGAAACTpAAAGGTTGAC 
Hybrid 	 TCGGTTCCGGGGGAAGTATGGTTGAAAAGCTGAACTTAAAGGTTGAC 
s t ercora 1 is 	TCGGTTCCGGGGGAAGTATGGTTGCAAAGCTGAAACTTAAAGGAATTGAC 
1160 	1170 	1180 	1190 
CU taneum 	GGAAGGGCACCACCAGGTGTGGAGCCTGCGGCTTAAPTTGACTCAACACG 
Hybrid 	 GGAAGG-CACCACCAGGAGTGGAGCCTGCGGCTTAATTTGACTCAAcAcG 
S. stercoralis 	GGAAGGGCACCACCAGGAGTGGAGCCTGCGGCTTAATTTGACTCAACACG 
1210 	1220 	1230 	1240 
T. Cu taneum 	GGGAAACTCACCAGGTCCAGACATAGTAAGGATTGACAGATTGATAGCTC 
Hybrid 	 GGAAAACTCACCCGGGCCGGACACTATAAGGATTGACAGATTGATAGCTC 
sterCoral is 	GGAAAACTCACCCGGGCCGGACACTATAAGGATTGACAGATTGATAGCTC 
1260 	1270 	1280 	1290 
Cu taneum 	TTTCTTGATTCTATGGGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGA-G 
Hybrid 	 TTTCATGATPTAGTGGTTGGTGGTGCATGGCCGTTCTTAGTTCGTGGATA 
sterCoralis 	TTTCATGATTTAGTGGTTGGTGGTGCATGGCCGTTCTTAGTTCGTGGATA 
1310 	1320 	1330 	1340 
Cu taneum 	TGATTTGTCTGGTTAATTCCGATAACGAACGAGACCTTAACCT --- GCTA 
Hybrid 	 TGATTTGTCTGGTTGATTCCGATAACGAGCGAGACTTTTATGTTATATTA 
S • s tercoral is 	TGATTTGTCTGGTTGATTCCGATAACGAGCGAGACTTTTATGTTATATTA 
1360 	1370 	1380 	1390 
T. cutaneum 	AATAGACATGCCGGCTTTGGCT-------GGCAGCTGTCTTCTTAG--AG 
Hybrid 	 AATATAATTATTTTGTTTATTTTAATATAATAATTAATATTTTAATAAC 
stercoral is 	AATATTATTATTTTGTTTATTTTAATATAAATAATTAATATTTTAATAAC 
1410 	1420 	1430 	1440 
CU taneum 	GGACTTTTGGCGTTTAGCCAAAGGAAGTTTGAGGCAATAACAGGTCTGTG 
Hybrid 	 AGATTAP.TAGTGTTTAACTATTTGAGAG--AGAGCGATAACAGGTCTGTG 
sterCoralis 	AGATTAATAGTGTTTAACTATTTGAGAG--AGAGCGATAACAGGrCTGTG 
1460 	1470 	1480 	1490 
Cutaneum 	ATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTGACTGAGCCAGC 
Hybrid 	 ATGCCCTTAGATGTCCGGGGCTGCACGCGCGCTACAATGTAGTGATCATT 
sterCoralis 	ATGCCCTTAGATGTCCGGGGCTGCACGCGCGCTACTGTAGTGATCATT 
1510 	1520 	1530 	1540 
cu taneum 	GAGTTTATCACCTTAGCTGAGAAGCTTGGGTAATCTTGTGAACTCAGTC 
Hybrid 	 ATGTT-----CCTGTTTAGAGATAAATGGGTAAACATTGAAAACATTACG 
S. stercoral is 	ATGTT ----- CCTGTTTAGAGATAAATGGGTAAACATTGAAAACATTAcG 
1560 	1570 	1580 	1590 
T • Cu taneum 	GTGCTGGGGATAGAGCATTGCAATTATTGCTCTTCAACGAGGAATACCTA 
Hybrid 	 TAACTGGGAGT-GAAAATTGCAATTATTTTTCATGAACGAGGAATTCCAA 
S • S terCoral is 	TAACTGGGAAT-GAAAATTGCAATTATTTTTCATGAACGAGGAATTCCAA 
1610 	1620 	1630 	1640 
T • Cu taneum 	GTAAGCGTGAGTCACCAGCTCGCGTTGATTACGTCCCTGCCCTTTGTACA 
Hybrid 	 GTAAACGTAAGTCATTAGCTTACATTGATTACGTCCCTGCCCTTTGTAcA 
stercoralis 	GTAAACGTAAGTCATTAGCTTACATTGATTACGTCCCTGCCCTTTGTACp. 
1660 	1670 	1680 	1690 
cu taneuin 	CACCGCCCGTCGCTACTACCGATTGAATGGCTTAGTGAGACCCTCGGTT 
Hybrid 	 CACCGCCCGTCGCTGCCCGGAACTGAGCAATATCCAGAGGCA --- GGAAG 
stercoralis 	CACCGGCCGTCGCTGCCCGGAACTGAGCAATATCCAGAGGCA --- GGJG 
1710 	1720 	1730 	1740 
Cu taneum 	GGCGTTAAGAAGCCGGCAACGATCTTTTGGCCGAGAAGTTGGTCCTp 
Hybrid 	 AGATGTAATAAATTTTTAT- -TTTTTTTATATTAAATCCTTCCAATCGC 
S • s tercoral is 	AGATGTAATAAATTTTTAAT--TTTTTTTATATTAAATCCTTCCAATCGC 
1760 	1770 	1780 	1790 
T. cu taneum 	GGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGCCT 
Hybrid 	 TGTTGTTTGAACCGGGCAAAAGTCGTAACAAGGTTTTCGTAGGTGAACCT 









A clustal alignment of the SSUrDNA sequences of Trichosporon cutaneum, 
Strongyloides stercoralis ('Hybrid') published by Putland et al (1993), and 
Strongyloides stercoralis as re-sequenced. Fungal sequences are in blue type and 
Strong yloides in red. The hybrid Strong yloides sequence is comprised of 395 bp of 
fungal sequence upstream of 1371 bp of Strong yloides sequence. The beginning of the 
Strongvloides sequence is marked by a red arrow. Of the two aligned S.stercoralis 
sequences (from 395-1816) there are 8 mismatches (in black type and shaded grey) 
representing over 99% identity. Position 395-396 is taken as the exact location of the 
'join' of the hybrid from the primer sequence used by Putland et alto reamplify a 
segment of the gene for manual sequencing. 
6.4 	Re-compiling the Strongyloides Dataset. 
The only region of high identity to fungal sequence and corresponding low identity to 
S. ratti sequence is within the 5' fragment chosen for phylogenetic analysis. Although 
alignment of the correct Strongyloides sequences contains less phylogenetic 
information, the knowledge that within the genus the genetic divergence is much lower 
(90% identity between S. ratti and S. stercoralis full-length sequences) than was first 
thought allows the design of Strongyloides specific primers (Appendix Al). This 
positive selection allowed the rescreening of PCR products containing the contaminant 
and thus the isolation of correct Strongyloides sequences. Original PCR products for S. 
fuelleborni, S. cebus, and S. westeri were cloned. 96 colonies from each were screened 
with a Strongyloides specific primer set (A/rattiR -see Appendix Al). Positive colonies 
from each (6 each from S. cebus and S. westeri, 4 from S. fuelleborni) were pooled for 
subsequent sequencing as previously described. These three sequences were aligned to 
the existing 'ratti-group' members (see Table 3) to form the extent of the Strongyloides 
dataset, outlined in full in the next chapter. 
Great care is obviously required when compiling a dataset. It is unlikely that the 
published but contaminated S. stercoralis sequence represents an isolated case. With 
so many sequences now in the databases effective identification of potential 
contaminants is straightforward and necessary. 
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7 	COMPILATION AND ANALYSIS OF A NEMATODE DATASET 
The dataset is comprised of full-length and partial SSU rDNA sequences. These are 
detailed in Table 4 and Table 5 respectively. The sequences were compiled from a great 
variety of sources and a great indebtedness is due to the many contributors and 
collaborators who supplied samples and/or sequences. Sequences were aligned 
manually following a secondary structure model (De Rijk and De Wachter 1994). 
Phylogenetic analysis was carried out using the extensive capabilities of PAUP version 
4.0b2 written by David L. Swofford (Swofford 1993; Swofford 1998). Localised 
rearrangements were tested using MacClade (Maddison and Maddison 1993). 
Underlying evolutionary models were tested using Modeltest (Posada and Crandall 
1998) and statistical analysis was carried out using Modeltest and PAUP. All major 
criteria for inferring phylogeny were employed singly and in combination to derive 
phylogenetic trees. Typically, a strategy of phylogeny inference was employed which 
follows that of Rogers and Swofford (Rogers and Swofford 1998). Trees are generated 
using Neighbour Joining (NJ) and Maximum Parsimony (MP) methods with 
minimum evolution and maximum parsimony as the respective objective functions. All 
trees generated are assessed by NJ, MP and Maximum Likelihood (ML) statistical 
tests. The tree with the best overall score is then used as a starting point to estimate ML 
parameters (depending on the choice of underlying model) such as nucleotide 
substitution values, proportion of invariable sites, and substitution rate gamma value. 
These values are then fixed for heuristic search by Maximum Likelihood to derive the 
best tree(s) given the data. Other methods are described as and when used. Datasets are 
analysed as a whole, retaining gaps, invariant sites, and uninformative sites. The 
intention is to assess and infer phylogeny as objectively as possible. No a priori 
assumptions were thus made on the data and underlying models of substitution were 
assessed and enforced by statistical criteria. No attempt is made to re-classify 
Nematoda in whole or in part. The classification of the phylum into Enoplia, 
Chromadoria, and Rhabditia (after Malakhov (Malakhov 1994)) is used as a basis from 
which to establish evolutionary relationships between taxa. No support for this 
classification is intended. Classification of the phylum into two classes, Adenophorea 
and Secernentea (sensu Chitwood and Chitwood (Chitwood and Chitwood 1974) after 
Linstow (Linstow 1905)) is historically important and is referred to on this basis. Other 
classification follows that of Filipjev (Filipjev 1934), with modification by Chitwood 
and Chitwood (Chitwood and Chitwood 1974) unless otherwise indicated. 
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Table 4 
Full length (1500-1 700bp) SSU rDNA sequences 
Tax a 	 Source 	Sequenced by / Accession 
Haemonchus contortus Genbank L04 153 
Haemonchus placei Genbank L04 154 
Haemonchus similis Genbank L04152 
Nematodirus battus Genbank U01230 
Otostrongylus sp. Genbank U81589 
Parafilaroides sp. Genbank U81590 
Ostertagia ostertagi Genbank AF036598 
Nippostrongylus brasiliensis Genbank AF036597 
Syngamus trachea Genbank AF03 6606 
Heterorhabditis bacteriophora Genbank U70628 
Mesorhabditis sp. l 179 Genbank U73452 
Teratorhabditis palmarum Genbank U13937 
Bunonemasp. Genbank U81582 
Cruznema tripartitum Genbank U73449 
Cruznema sp. WKT WKT 
Diploscaptersp. PS2017 Genbank U81586 
Acrobeloides sp. PSI 146 Genbank AF034391 
Rhabditis myriophila Genbank U81588 
Oscheius myriophila EM435 Genbank U13936 
Diploscaptersp. DF DF 
Rhabditis sp. PS1O1O DF DF 
Caenorhabditis remanei DF DF 
Caenorhabditis elegans Genbank X03680 
Caenorhabditis briggsae Genbank U13929 
Diploscapter sp. CEW1 WKT WKT 
Rhabditella axei Genbank U13934 
Rhabditoides inermformis WKT WKT 
Pellioditis typica Genbank U13933 
Rhabditis blumi Genbank U13935 
Pristionchus iheritieri Genbank AF036640 
PristionchuspacfIcus Genbank U81584 
Aduncospiculum halicti Genbank U61759 
Rhabditophanes sp. WKT MD 
Strongyloides ratti Genbank AF03 6605 
Strongyloides stercoralis G. Schad MD 
Parastrongyloides trichosuri W. Grant MD 
Steinernema carpocapsae Genbank AF03 6604 
Steinernema karl A. Reid MD 
Panagrolaimus sp. PSi 159 Genbank U81579 
Halicephalobus gingivalis WKT WKT 
Panagrellus redivivus Genbank AF036599 
Panagrobelus stammeri WKT WKT 
Acrobelessp. Genbank U81576 
Acrobeloidesnanus Genbank AF034391 
Zeldia punctata Genbank U61760 
Cephalobus olyzae Genbank AF034390 
Triligulla aluta WKT WKT 
Acrobeles complexus Genbank U81576 
Teratocephalus lirellus Genbank AF036607 
Cuticularia sp.PS2083 WKT WKT 
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Aphelenchus avenae Genbank AF0365 86 
Bursaphalenchus sp. Genbank AF037369 
Ditylenchus angustus PDL PDL 
Meloidogyne arenaria Genbank U42342 
Meloidogyne incognita Genbank U81578 
Meloidogynejavanica H. Koltai MLB 
Rolylenchus robustus PDL PDL 
Scutellonema bradys PDL PDL 
Helicotylenchus dihystera PDL PDL 
Globodera pallida Genbank AF03 6592 
Tylenchorhynchus dubius PDL PDL 
Pratylenchus goodeyi PDL PDL 
Tylenchulus semzpentrans PDL PDL 
Radopholus similis PDL PDL 
Ascaris suum Genbank AF036587 
Toxocara canis Genbank AF03 6608 
Anisakis sp. Genbank U94365 
Ascaris lumbricoides Genbank U94366 
Baylisascaris procyonis Genbank U94368 
Baylisascaris transfuga Genbank U94369 
Contracaecum multipapillatum Genbank U94370 
Cruzia americana Genbank U94371 
Goetziapelagia Genbank U94372 
Heterochelius tunicatus Genbank U94373 
Hysterothylaciumfortalezae Genbank U94374 
Hysterothylacium pelagicum Genbank U94375 
Hysterothylacium reliquens Genbank U94376 
Iheringascaris inquies Genbank U94377 
Parascarisequorum Genbank U94378 
Porrocaecum depressum Genbank U943 79 
Pseudoterranova decipiens Genbank U94380 
Terranova caballeroi Genbank U94381 
Toxascaris leonina Genbank U94383 
Brumptaemiliusjustini Genbank AF0365 89 
Brugia malayi Genbank AF036588 
DirojIlaria immitis C. Mama RF 
Onchocerca volvulus J. Bradley MLB 
Onchocerca gibsoni J. Bradley MLB 
Litomosoides sigmodontis 0. Bain AK 
Wuchereria bancrofti F. Partano AK 
Loa ba A. Klion RF 
Phibonema sp. Genbank U81574 
Gnathostoma turgidum Genbank Z96948 
Gnathostoma procyonis Genbank Z96947 
Gnathostoma binucleatum Genbank Z96946 
Acanthocheilonema viteae R. Lucius MLB 
Dentostomella sp. Genbank AF036590 
Plectus minimus PDL PDL 
Plectus acuminatus Genbank AF037628 
Plectus aquatilis Genbank AF03 6602 
Wilsonema schuurmansstekhoveni PDL PDL 
Tridentulussp. PDL PDL 
Dipbolaimelloides meyli Genbank AF0366 11 
Theristus sp. PDL PDL 
Viscosia sp. PDL PDL 
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Mylonchulus arenicolus Genbank AF036596 
Prionchulus muscorum PDL PDL 
Mermis nigrescens Genbank AF03664 1 
Xiphinema rivesi Genbank AF0366 10 
Longidorus elongatus Genbank AF036594 
Eudorylaimus carteri PDL PDL 
Mesodorylaimusjaponicus PDL PDL 
Allodoiylaimus sp. PDL PDL 
Aporcelaimellus obtusicaudatus PDL PDL 
Iviesodorylaimus bastiani PDL PDL 
Trichuris muris Genbank AF036638 
Trichinella spiralis Genbank U60231 
Bathylaimussp. PDL PDL 
Calyptronema maxweberi PDL PDL 
Alaimus sp. PDL PDL 
Tripyloidessp. PDL PDL 
Trischistoma monohystera PDL PDL 
Enoplus brevis Genbank U88336 
Ironusdentfurcatus PDL PDL 
Trichodorus primitivus Genbank AF036609 
Paratrichodorus pachydermus Genbank AF03660 1 
Paratrichodorus anemones Genbank AF036600 
Tylolaimophorus minor PDL PDL 
Prismatolaimus intermedius Genbank AF03 6603 
Tobrilus gracilis PDL PDL 
Paracyatholaimus intermedius PDL PDL 
Leptonemella sp. Genbank Y16920 
Laxusoneistus Genbank Y16919 
Laxuscosmopolitus Genbank Y16918 
Robbea hypermnestra Genbank Y16921 
Stilbonema majum Genbank Y16922 
Xyzzors sp. Genbank Y16923 
Desmodora ovigera Genbank Y16913 
Enoplus meridionalis Genbank Y16914 
Catanema sp. Genbank Y16912 
Eubostrichis dianae Genbank Y1 6915 
Eubostrichis topiarus Genbank Y16917 
Eubostrichis parasitferus Genbank Y16916 
Acanthopharynxmicans Genbank Y16911 
Praeacanthonchus sp. Genbank AF036612 
Metachromadora sp. Genbank AF036595 
Adoncholaimus sp. Genbank AF036642 
OUTGROUPS Taxa I.D./Accession 
Tenebrio molitor Genbank Arthropoda X07801 
Lepidodermella squammata Genbank Gastrotricha U29198 
Anemonia sulcata Genbank Cnidaria X53498 
Gordius aquaticus Genbank Nematomorpha X87985 
Chordodes morgani Genbank Nematomorpha AF036639 
Limicolaria kambeul Genbank Gastropoda X66374 
Acanthopleurajaponica Genbank Molusca X702 10 
Plumatella repens Genbank Bryozoa U12649 
Lineus sp. Genbank Nemertea X79878 
Priapulus caudatus Genbank Priapulida Z38009 
Brachionusplicatilis Genbank Rotifera U49911 
Dugesia mediterranea Genbank Platyhelminth U31085 
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AK-Alasdair Kinloch, MD-Mark Dorris, MLB-Mark Blaxter, PDL-Paul De Ley, RF-
Robin Floyd, WKT- Kelly Thomas, DF-David Fitch 
Table 5 
Partial SSU rDNA sequences 
All products were amplified and sequenced by MD. For primer descriptions and 
positions see Appendix Al. 
Taxa Source Length bp 
Steinernema affine A. Reid 450 
Steinernema anomali A. Reid 372 
Steinernema bicornatum A. Reid 443 
Steinernema kraussei A. Reid 362 
Steinernema malaysia A. Reid 449 
Steinernema scapterisci A. Reid 356 
Steinernema SSL1 A. Reid 450 
Steinernema SSL2 A. Reid 443 
Steinernemafeltiae A. Reid 370 
Steinernema glaseri A. Reid 361 
Steinernema intermedium A. Reid 362 
Rhabdias bufonis E. Schierenberg 1230 
Strongyloides westeri T. Moore 367 
Strongyloides cebus M. Viney 368 
Strongyloidesfuelleborni M. Viney 396 
Strongyloides venezuelensis M. Vmey 361 
Strongyloides sp.snake M. Vmey 363 
Strongyloides suis T. Moore 450 
Strongyloidesf kellyi T. Moore 368 
Sfrongyloidespapillosus T. Moore 376 
Turbatrix aceti Carolina Biologicals 372 
Diplogaster maupasi R. Sommer 396 
Diplogaster berwigi R. Sommer 395 
Diplogaster gracillis R. Sommer 334 
Diplogasteroides sp. R. Sommer 396 
Pseudodiplogasteroides sp. R. Sommer 393 
Goodeyus ulmi R. Sommer 390 
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8 	PHYLOGENETIC ANALYSIS OF ENOPLIA 
Introduction 
Neither molecular nor morphological systematic methodology has been able to resolve 
some of the fundamental issues of classification and phylogeny within a subclass 
Enoplia. Most researchers would agree however with the premise of an enoplid-type 
group distinct from Chromadoria and perhaps the rest of Nematoda. Ontogenetic 
evidence is sufficient for Malakhov (Malakhov 1994) to propose a radiation of the 
orders Dorylaimida, Trichocephalida, Mononchida and Mermithida (and others not 
sampled here) from Enoplida. Lorenzen however has discovered 'metanemes' specific 
to Enoplida and hence derived (Lorenzen 1994). Amphids are pocket shaped in Enoplia 
with the exception of Tripyloididae (normally considered Chromadoria) in which they 
are spiral, a characteristic of Chromadoria. The inclusion of Tripyloididae within 
Enoplia is based on head and spicule structure (Filipjev 1934) and the presence of 
metanemes (Lorenzen 1994). The subjective nature of morphological classification is 
highly evident within this group. The pharynx within Enoplia probably contributes the 
most morphological phylogenetic information both in terms of the specialisation of the 
structure itself and the proximity of pharyngeal glands. A wide trophic ecology is 
displayed within the subclass from marine forms to freshwater, mud- and salt-flats, 
terrestrial, predatory, commensal, plant and animal parasitic forms. In each, the pharynx 
and buccal capsule seem to be specialised for its particular task from basic cylindrical 
forms to strongly cuticularised with one or more onchia or projections developed for 
piercing host tissue. That Enoplida possess the most simplified form of oral cavity 
lends more weight to an ancestral rather than derived phenotype. Independent molecular 
evidence may resolve some of these issues. 
Methods 
Rather than employ some method of morphological discrimination in compiling an 
Enoplia set of taxa, a Neighbour Joining tree with log determinant transformation 
(LogDet) to minimise long branch attraction (Hillis, Moritz et al. 1996) was constructed 
using the entire full-length dataset (tree not shown). From this, all taxa that associate as 
possible Enoplia were chosen for analysis. Twenty-eight taxa were included on this 
basis. A further 3 chromadonds and 3 monhysterids were included for comparison as 
were all available outgroups (13 taxa). Ironus den4furcatus (Ironidae: Enoplida) was 
excluded from the analyses as it did not associate with any other single taxon. Extreme 
branch-lengths are evident within the Trichocephalida (represented here by Trichuris 
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muris and Trichinella spiralis). Although considerable improvement in tree resolution 
is achieved when they are removed from the analyses they were included as they 
represent the best-studied members of the group. The phenomenon of long-branch 
attraction (Felsenstein 1978) is a particular problem for methods in which a suitable 
underlying model is not specified. Thus parsimony and uncorrected distance methods 
are particularly sensitive. For distance methods the problem may be minimised by Log 
determinant transformation of the data or by specifying a suitable model of nucleotide 
substitution. The problem is also minimised for distance methods by reducing the 
number of outgroups. The reverse is true for parsimony methods, for which increasing 
the number of outgroups may help counter long-branch effects (Swofford, Olsen et al. 
1996). Different combinations of outgroup were tested but while they resulted in 
varying levels of support for ingroup branches, no combination had significant effects 
for either Maximum Parsimony (MP) or Neighbour Joining (NJ) analysis. Thus the 
outgroups used by Blaxter et al (Blaxter, De Ley et al. 1998) (three taxa) were chosen 
to allow direct comparison of results. The dataset for phylogenetic analysis of Enoplia 
is thus comprised of 36 taxa. All other taxa are excluded from both phylogenetic 
analysis and likelihood ratio testing for the substitution model that best fits the data. 
Nucleotide substitution models available in PAUP are, in order of increasing 
complexity: JC (Jukes and Cantor 1969), K80 (Kimura 1980), SYM (Zarkikh 1994), 
F81 (Felsenstein 1981), HKY (Hasegawa, Kishino et al. 1985), and GTR (Rodriguez, 
Oliver et al. 1990). These models were subjected to Likelihood ratio test. This test 
statistic and associated P-value was used to reject or fail to reject different null 
hypotheses about the process of nucleotide substitution (Posada and Crandall 1998). 
NJ and MP methods were used to generate trees for subsequent analysis. MP analysis 
employed ten replicate heuristic searches saving no more than ten trees each replicate. 
Four shortest trees were found by this method. NJ analysis employing LogDet 
transformed data generated another tree. Local searching (Maddison and Maddison 
1993) within the NJ tree supplied a sixth tree. Of the four MP trees, the one with the 
best Likelihood score was retained. This tree (MP), the NJ tree, and the tree generated 
by local searching were subjected to statistical analysis to determine which one would 
be the starting tree used for likelihood analysis. The substitution model not rejected by 
Likelihood ratio test was applied both for finding the starting tree and for estimating the 
following Likelihood parameters: proportion of invariable sites, substitution matrix, 
nucleotide frequencies, and substitution rate gamma value. These parameters were fixed 
for Maximum Likelihood (ML) heuristic search resulting in the final tree. This tree was 
statistically compared with all the proposed starting trees. Support for the ML tree is 
approximated by 200 bootstrap replicates using the Neighbour Joining method and 
employing the chosen ML substitution model for distance correction. 
Results 
The trees generated by MP, NJ, and NJ with local searching are shown in figures 8. 1, 
8.2, and 8.3 respectively. The MP tree (fig. 8.1) is the best MP tree by Likelihood 
score. Bootstrap values are shown above the branches for which they apply. By MP 
analysis (fig.8.1) Chromodorida and Monhysterida form a well supported group 
distinct from Enoplia. Dorylaimida, Mononchida, and Mermithida also form a well 
supported group. This group however excludes Trichocephalida which are shown to be 
basal to the tree although this is not well supported. Monophyly of Enoplia is not 
supported although if made monophyletic adds only four steps (MP) to the tree. A 
monophyly is shown between an EnoplidalTriplonchida dade and the 
Chromadorida/Monhysterida dade but this is not supported. Better supported, although 
not significantly so, is a monophyly of EnoplidalTriplonchida. Within this dade, lies a 
well-supported group comprised of Triplonchida and two enoplids; Prismatolaimus 
intermedius and Tobrilus gracilis. Monophyly of Enoplida is not supported. The most 
striking difference by NJ analysis is the placing of Trichocephalida which has 
significant support within the Dorylaimida/Mononchida/Mermithida dade in agreement 
with previous molecular analysis (Blaxter, De Ley et al. 1998). Better support is also 
given for a monophyletic group of Enoplida and Triplonchida. Other placings are in 
broad agreement with MP analysis although the inclusion of Prismatolaimus 
intermedius and Tobrilus gracilis with Triplonchida is less well supported. When the 
NJ tree was subjected to localised heuristic searching within MacClade a shorter tree 
(by parsimony) was found. This is shown in figure 8.3. The main difference between 
this tree and the NJ tree is the observed monophyly of Enoplia. Other differences 
concern the ordering of groups within Enoplida and Chromadorida. All the differences 
concern groups that are not statistically supported. 
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Phylogram based on Maximum Parsimony analysis. Bootstrap values are indicated 
above the branches to which they apply. Values shown in red indicate significant 
support. Analysis is on 2392 characters, 791 of which are informative for parsimony. All 
characters were included in the analysis and gaps treated as missing data. This tree is the 
best by Likelihood score of four different trees of length 4488. Different orders are 
indicated by name and coloured band. I and II correspond to clades from Blaxter et al 





















































Phylogram based on Neighbour Joining analysis with Minimum Evolution criteria and 
Log determinant distance correction. Labelling as with fig. 8.1. Refer to text for details. 
100 	 Tridentulus sp. 
L............. DiplolaimeHoides meyli Monhystenda 
100 	 Theristus sp. 
Leptonemella sp. 
1 ' 	 Eubostrichis parasitiferus Chromadorida 
Desmodora ovigera 
Viscosia sp. 
100 	 Adoncholaimus sp. 
Calyptronema maxweberi 
100 	 Bathylaimus sp. 
Tripyloides sp. Enoplida 
00 	
51 	Alaimus sp. 




ioo 	Trichodorus primitivus 
Paratrichodorus pachydermus 
ion 
Paratrichodorus anemones Triplonchida 
Tylolaimophorus minor 
Prismatolaimus intermedius 
Tobrilus gracilis Enoplida 
Mylonchulus arenicolus 
CO 
Prionchulus muscorum Mononchida 
Mermis nigrescens Mermithida 









100 	 Trichuris muris 
Trichinella spirabs Trichocephalida 
Lp
U1OIUS aqLid: 
Chordodes rrr Outgroups 
0.05 changes 
Figure 8.3 
This is the same tree as fig. 8.2 but with rearrangements by local sub-searching of the 
data (methods). By parsimony score this tree is 21 steps shorter than the tree in fig. 8.2. 
Enoplia is shown to be monophyletic in this phylogram. Labels as before. This tree is the 
starting tree for Maximum Likelihood analysis (see text for details). 
The three trees shown in figures 8.1-8.3 were subjected to standard statistical analysis 
to determine the best starting tree for Maximum Likelihood (ML) analysis. The 
underlying nucleotide sustitution model chosen for testing likelihood scores was GTR 
with rate heterogeneity (default gamma shape 0.5) incorporating a proportion of 
invariable sites (set to 0.4, the proportion of constant sites). This model and parameters 
were not rejected by Likelihood ratio testing (Posada and Crandall 1998). The results 
are shown below. MP refers to the Maximum Parsimony tree in fig. 8. 1, NJ to the tree 
in fig. 8.2 and NJR to the rearranged NJ tree in fig. 8.3. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length Length diff 	s.d.(diff) 	t 
MP 	4488 	(best) 
NJ 4520 32 	12.47545 2.5650 




* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test). Asterisked value in table 
indicates significant difference at P < 0.05. 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
--------Templeton ---------- --- Winning-sites -- 
Tree Length Rank sums* 	N 	z 	P** counts 	1** 
MP 4488 (best) 
NJ 4520 6104.5 	141 -2.5642 0.0103* 85 	0.0184* 
-3906.5 -56 
NJR 4499 2491.0 	94-1.1169 	0.2640 52 	0.3533 
-1974.0 -42 
* Wilcoxon signed-ranks test statistic is the smaller of the absolute values of the two 
rank sums. 
* * Approximate probability of getting a more extreme test statistic under the null 
hypothesis of no difference between the two trees (two-tailed test). Asterisked 
value in table indicates significant difference at P < 0.05. 
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Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree 	-in L 	Diff -in L 
	
s.d.(diff) 	T 	P 
MP 22530.05965 (best) 
NJ 22558.47219 28.41254 
NJR 22535.56897 5.50932 
	
15.55872 	1.8261 0.0680 
11.96363 0.4605 0.6452 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test) 
The results from pairwise testing using Maximum Parsimony show that the best tree is 
the most parsimonious (tree in fig. 8.1) which is not surprising. What is surprising is 
that the NJ tree is significantly worse to the 95% confidence limits in all three tests. The 
MP tree is also the best in ML pairwise testing but the NJR (fig. 8.3) tree is also 65% 
likely. The NJ tree is worse almost to a significant level. That different methods can 
produce significantly different trees from the same data suggests an inherent problem 
with the data. This can be tested by assessing the consistency and retention indices. The 
consistency index (CI) (Kluge and Farris 1969) is the ratio of minimum possible 
number of steps to the minimum steps achieved. The retention index (RI) (Farris 1989) 
is taken as a more reliable indication of 'noise level' in the data as it does not include 
uninformative characters. The RI is the ratio of (maximum possible extra steps - extra 
steps achieved) to the maximum possible extra steps. The homoplasy index is just the 
difference between the CI value and unity. These values for the data from which the 
trees in figs. 8.1-8.3 are derived are below. 
Tree ML NJ NJR 
Length 4488 4520 4499 
CI 0.431 0.428 0.430 
RI 0.550 0.545 0.548 
HI 0.569 0.572 0.570 
The Cl and RI values for all trees are very similar despite the difference in treelengths. 
The data suggest that every character on average changes twice. Although the values are 
not high they are not surprising given the size of the dataset and the different constant 
and variable regions. A permutation Tail Probability (PTP) test was also carried out by 
MP analysis. In this test, all the features of the real data matrix are retained (number of 
characters, number of taxa, number and frequency of states within each character), but 
one parameter is randomised: the assignments of states within a character to taxa. A 
distribution of tree lengths is found for repeated such permutations of the data, and it is 
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determined whether the tree length for the real data is significantly different from this 
family of tree lengths obtained from permuted data. The results of the PTP test show 
that the congruence of the characters in the data do significantly depart (P = 0.01) from 
what might be expected due to randomness. Thus we can have some confidence in the 
data. 
The essential difference between the MP and NJ trees is the placing of Tnchocephalida. 
All statistical tests based on MP rate a phylogeny in which Trichocephalida is basal 
rather than within Enoplia significantly better than as a member of a 
Dorylaimida/Mermithida/Mononchida group. As members of Trichocephalida are 
specialised for vertebrate parasitism and display complex life histories they obviously 
display a derived rather than ancestral phenotype. The conclusion then, is that when 
confronted with extreme branch lengths, MP analysis will get it wrong and do it with 
confidence! The NJR tree (fig. 8.3) cannot be rejected by Likelihood ratio test (data not 
shown) and is not significantly different by Likelihood pairwise test. This tree was 
chosen as the starting tree for ML analysis. The GTR substitution model parameters 
based on this tree, were estimated and subsequently fixed for ML heuristic search. The 
resulting ML tree is shown in figure 8.4. This tree was then compared to the previous 
best tree: MP (fig. 8.1). The results are shown below. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length duff 
MP 	4488 	(best) 
ML 4501 13 
s.d.(diff) 	t 	P* 
10.62904 1.2231 	0.2214 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
----Templeton ----------- -- Winning-sites --
Tree 	Length Rank sums* N 	z 	PK counts 	P' 
MP 	4488 (best) 
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Phylogram based on Maximum Likelihood analysis using the tree in fig. 8.3 as a starting 
tree and GTR substitution model with gamma shape, invariable sites, and nucleotide 
frequency estimated by Likelihood and fixed for ML heuristic search (see methods). 
This tree is the most likely given the data. Labels as before. For bootstrap values see fig. 
8.5. 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree 	-InL 	Diff -In L s.d.(diff) 	T 	PK 
MP 	22530.14233 	6.38957 	13.48712 0.4738 0.6357 
ML 22523.75276 (best) 
The results from MP pairwise testing still support, although not significantly, the MP 
tree. From the maximum likelihood pairwise test however the ML tree is better and so 
this is the best tree given the data and underlying model. It is notable that ML heuristic 
analysis has found a tree twelve times more likely, given the data, than the starting tree 
and six times more likely than the best MP tree. The most obvious difference from 
previous trees (figs. 8.1-8.3) is in the calculation of branch lengths. In the phylogram 
shown in fig. 8.4 all branch lengths (with one notable exception) appear shorter but the 
scale of the tree is about half that of the others. This is to take account of the branch 
length of Trichuris muris, which even given the scale, is extraordinary. Branch length 
information aside, the topology of the ML tree is not significantly different from the 
starting NJR tree so why is this tree far more likely? The underlying model (assuming 
it reflects the data) accounts for rate heterogeneity and thus ML adjusts branch lengths 
to accommodate for sequences significantly divergent from the rest rather than simply 
adding the sequence at the end of stepwise addition (leading to long-branch attraction). 
Thus to improve an overall likelihood score, branch lengths are extended for those 
divergent sequences rather than 'absorbing' the information (and increasing 'noise') 
throughout the tree. This does however illustrate the level to which long-branch taxa 
affect treebuilding. Also illustrated is the power of Maximum Likelihood, which can 
account for these effects by retaining all the information in the data i.e. at each site there 
is a certain likelihood for each nucleotide rather than a definitive choice. 
Support for the ML tree is assessed by NJ bootstrap with ML parameters for distance 
correction. A cladogram showing the most likely topology of Enoplia with bootstrap 
evaluation is given in figure 8.5. The position of Trichocephalida is now resolved with 
highly significant support. A dade of Trichocephalida, Dorylaimida, Merrnithida, and 
Mononchida is supported by 78% of bootstrap replicates (fig. 8.5). All bifurcations 
within this dade command significant support with the exception of the terminal 
branching of Mesodorylaimus japonicus and Aporcelaimellus obtusicaudatus. This 
confirms the position of Trichocephalida in agreement with NJ analysis (figs. 8.2, 8.3) 













































Cladogram of the tree in fig. 8.4. Bootstrap values and labels are indicated as before. 
Bootstrap analysis was carried out by the Neighbour Joining method with Minimum 
Evolution criteria and distance correction supplied by the same Maximum Likelihood 
parameters which resulted in the tree shown in fig. 8.4. Refer to text for details. 
tree, fig. 8.3) assumed an Enoplia monophyly. Not only has ML analysis rejected this 
hypothesis but actually groups Enoplida and Triplonchida with Chromodorida with 
significant support ( 65% of bootstrap replicates). A monophyly of Chromodorida plus 
Enoplida is thus suggested by MP, NJ, and ML analysis, with the latter providing some 
support. This support is however barely at the level of 95% confidence limits and the 
fundamental structure within Enoplida is not well supported. MP and ML analysis 
provide highly significant support for a dade of Triplonchida with two enoplids, 
Prisinatolaimus intermedius and Tobrilus graci/is. 
Discussion 
Sun i/ar mechanisms for different parasites 
The compound dade of Trichocephalida, Dorylairnida, Mermithida, and Mononchida is 
supported here with high significant support. This dade corresponds to 'Clade I' in 
previous analyses (summarised in fig. 1.4) using SSU rDNA data (Blaxter, De Ley et 
al. 1998). Five additional dorylaimid species and an additional mononchid species have 
now been included. Dorylaimida is monophyletic with the five additional dorylaimid 
species forming a sister group to the plant parasitic Xiphenema and Longidorus 
species. This sister group comprised of Eudoiylaimus, Allodorvlaimus, 
Mesodorvlaimus, and Aporcelauinellus species are all free-living inhabitants of 
riverbanks, salt marshes, and soils. The development of plant parasitism from within 
these habitats has a distinct trophic probability especially since the form of parasitism 
in Dorylaimida is restricted to below ground ectoparasitism. In addition, pathogenesis 
is primarily caused by plant viruses vectored by the nematode and not by physical 
damage per se although under the right conditions root damage can be extensive 
(Maggenti 1981). The stylet used by both Xiphenema and Longidorus spp. has 
undoubtedly a single origin although sensory flanges associated with the stylet have 
developed in Xiphenema. Dorylaimida have pocket-shaped amphids and most 
doiylaims have five pharyngeal glands which open posterior to the nerve ring but it is 
the presence of a narrow reduced oral cavity with mobile odontostyle which is perhaps 
the most significant characteristic in relation to the other representatives of 'Clade I'. 
An odontostyle is present in the juveniles of both Mermithida and Trichocephalida. In 
the non-parasitic but predatory Mononchida, the oral cavity is large and strongly 
cuticularised with one or more onchia (cuticular processes of the buccal wall). This 
phenotype is ancestral within Clade I and the onchia have probably given rise to the 
odontostyles present in other members of the group. The juvenile stage of Mermithida 
is parasitic in arthropods and in common with Trichocephalida the pharynx and midgut 
are transformed into glandular stichosome and storage organ respectively. Thus, 
Mermithida have adapted an obligate parasitic phenotype of extraintestinal digestion 
and absorption through the cuticle. Trichocephalida parasitise a wide vertebrate host 
range and enter the host by oral ingestion. Parasitism of humans by Trichinella is 
essentially a zoonosis and is unusual in that the parasite is intracellular. Trichocephalida 
have a monodeiphic reproductive system, unusual within Clade I and clearly have a long 
and highly developed association with host species. It is unusual then to find them 
basal to Clade I and not more intimately associated with Mermithida to which they are 
most closely related on morphological and ecological grounds. Their present position 
suggests either that the odontostyle has arisen more than once or has been secondarily 
lost in Mononchida. Neither of these hypotheses seems probable. It is more likely that 
although the position of Trichocephalida is unequivocal within Clade I the 
establishment of a more precise location is hampered by considerable divergence of the 
SSU rDNA sequence, particularly that of Trichuris muris. The addition of further 
sequence from other taxa most notably from the Capillariidae which are 
morphologically similar to Trichuris may help resolve this issue. Twenty Capillaria 
species were obtained to this end but had been stored in ethanol and proved refractory 
to molecular analysis (see Ch. 3). 
Enoplida and the origins of Triplonchida 
A second dade within Enoplia incorporates Enoplida and Triplonchida. This dade 
corresponds to Clade II in previous analyses (Blaxter, De Ley et al. 1998) in which 
100% bootstrap support was commanded. This level of support is not evident here 
through a much wider sampling of taxa (fifteen compared to four in previous analyses, 
{one enoplid, Prisi'natolaimus, and three Trichodoridae}). Within this dade highly 
significant support groups Triplonchida with two enoplids, Prisinatolaimus 
intermedius and Tobrilus gracilis thus rendering classical Enoplida paraphyletic. 
Tylolaiinophorus minor is represented here as Triplonchida. A close well supported 
relationship between T. minor and Trichodoridae is shown here in agreement with 
previous classification (Lorenzen 1994). Prismatolaimus and Tobrilus spp. are not 
typical of Enoplida. Prismatolaimus intermedius has slit-shaped amphids (usually 
pocket-shaped in Enoplida) and lacks metanemes leading to its classification as 
Chromadoria (Lorenzen 1994). In addition, it displays a spacious buccal cavity (a 
simple pharynx is typical of Enoplida). Tobrilus gracilis also has slit-shaped amphids 
but has two subventral teeth. The difference between Tobrilus and Prismatolaimus in 
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terms of classification is that the fbrrner has metanemes and so Lorenzen is content to 
keep it within Enoplida (Lorenzen 1994). The cuticularisation of the buccal cavity in 
these two genera may provide the origins for the development of the extended tooth 
used by Trichodorus and Paratrichodorus spp. to puncture plant cell walls. This tooth 
is analogous to the hollow spear of the dorylaimid plant parasites as is a mechanism for 
the vectoring of plant viruses. The two mechanisms for breaching plant cells and 
dispersing viruses have arisen independently. A second group within Clade II is 
comprised only of enoplids but is not significantly supported. Of these enoplids, 
Viscosia, Calvptronema, and Adoncholairnus spp. form a distinct well-supported 
polytomy. All three have pocket-shaped amphids and subventral onchia, which in 
Calyptronema can extend from the buccal cavity. They are usually classified into three 
closely related families (Lorenzen 1994). Bath v/aimus and Tripvloides spp. group 
together with 100% bootstrap support within Enoplida. These have been variously 
classified as Enoplida (Filipjev 1934) because of similar morphology to Tobrilus, and 
Areolaimida (Andrássy 1976) or Chromadorina(Chitwood and Chitwood 1974) 
because they possess spiral amphids. As they possess metanemes Lorenzen puts them 
in Enoplida (Lorenzen 1994). The last view is supported here although a close 
relationship with Tobrilus is not evident despite sharing tooth-like projections, spiral 
amphids and similar head morphology. Conversely, Trischisto,na inonohvstera is 
normally classified in the same family as Tobrilus but in these analyses is shown to be 
closer to Bath ylai,nus and Tripvloides spp. Two Enoplus spp. unsurprisingly group 
together with 100% support. What is surpising however is that in all analyses their 
closest relative is Alaimus sp. This taxon is classified as Dorylaimida in four separate 
classification systems (Filipjev 1934; Thome 1961; Goodey 1963; Lorenzen 1994) and 
Enoplida in two others(Chitwood and Chitwood 1974; Andrássy 1976). The minority 
view is supported here. Each of the five pharyngeal glands of Alaiinus open posterior to 
the nerve ring, a characteristic diagnostic of Dorylaimida. This diagnostic character is 
now in question. 
A deep divergence within Enoplia 
Although sampling is incomplete, a monophyly of Enoplia is not supported by this 
analysis. When a monophyly is imposed it is rejected in favour of a monophyly of 
Enoplida plus Chromadorida with support reaching significance (65% bootstrap value 
is equivalent to —95% confidence). An EnoplidalChromadorida monophyly was 
assessed by likelihood ratio test and proved significant (P=0.046) at a level which is in 
good agreement with the bootstrap value. A monophyly of Enoplus meridionalis 
(Enoplida) with Desmodoridae (Chromadorida) with high significant support has been 
shown by previous analysis with SSU rDNA data (Kampfer, Sturmbauer et al. 1998). 
Enforcing an Enoplia monophyly however adds only four steps to an MP tree and 
considerably reduces the steps on an NJ tree. Some enoplids have chromadorid 
characteristics but it is more likely that the lack of significant support at the heart of an 
Enoplida dade introduces a level of ambiguity. The picture is however considerably 
clearer than from previous analyses. Clades I and II are still evident within Enoplia but 
the addition of further enoplids has pulled existing sequences together. In the previous 
analysis by Blaxter et al (Blaxter, De Ley et al. 1998) Adoncholaiinus associated with 
Trichocephalida and Enoplia was represented by a "comb-like series of paraphyletic 
taxa"(Blaxter, De Ley et al. 1998). Support for Clade I has increased from 63% which 
is not significant to 78% which is well within 95% confidence limits. Monophyly of 
Trichocephalida within dade 1 was supported by likelihood ratio test (P=0.0 102) at the 
border of high significance. Although onchia or modified cuticular projections are 
common within Enoplia, the origins of the stylet and protrusable spear are unclear. A 
definitive position for Trichocephalida remains to be established, but although 
parasitism has arisen in Clade I more than once the stylet probably has not. 
Triplonchida form a well supported group within Clade II which otherwise is 
comprised of Enoplida. Tnplonchida have derived from enoplid origins and the 
extended tooth used to puncture cell walls has derived from onchia, which are well-
developed in close relatives. Some long-standing problems concerning Tripyloididae 
have also been resolved as has the position of Alaimus spp. Metanemes as a diagnostic 
feature of Enoplida is not supported. Similarly, pharyngeal glands opening posterior to 
the nerve ring is not exclusive to Dorylaimida. It is possible that further sampling of 
Enoplida which display a simple cylindrical pharynx (only two samples from this 
dataset display the ancestral pharynx, both Enoplus spp.) will tie Clades I and II 
together and pinpoint the root of Enoplia. 
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9 	PHYLOGENETIC ANALYSIS OF CHROMADORIA 
Introduction 
Chromadoria are highly diverse and are comprised of an extensive array of primarily 
marine, free-living nematodes. This suggests they may provide the source from which 
all the other nematode forms arise. There may be a closer association with Enoplida 
than was previously thought (see Ch. 8) but it is now clear that chromadorids sensu 
law undoubtedly provide the origins for Rhabditia. Chromadorids have neither the 
heavily cuticularised oral cavity specialisations of Enoplia nor the sophisticated 
pharyngeal structures and mechanisms of many Rhabditia but they may provide the 
ancestral phenotypes for both. In addition the striated cuticle of Chromadona is 
common within Rhabditia but mostly absent in Enoplia. Monhysterida are proposed to 
represent many ancestral features within Chromadoria from a simple cylindrical 
pharynx and subtle striations of the cuticle to small, discrete amphids (Lorenzen 1994; 
Malakhov 1994). Plectidae and Teratocephalidae have been classified as both 
Chromadoria and Rhabditia but the relationship between these two families and 
between Chromadoria and Rhabditia remains to be established. That they share many 
features of both suggests that they may be intermediate between chromadorid and 
rhabditid nematodes. Other members of Chromadoria, Cyatholaimidae, have a distinct 
dorsal tooth and no pharyngeal bulb, both characteristics of Enoplia. It would be a 
significant phylogenetic achievement if both Enoplia and Rhabditia could be tied via 
Chromadoria. 
Methods 
Taxa for inclusion in this dataset were chosen based on the same method as described 
for Enoplia. Taxa that align as potential Chromadoria from the entire full-length dataset 
were chosen for analysis. Members of Mononchida and Mermithida were chosen as 
outgroup taxa (3 taxa) on the basis that they form the closest relatives definitively 
outwith Chromadoria (see Ch. 8). Twenty-three taxa (including Teratocephalus) are 
included as representatives of Chromadoria. Seven taxa which represent parasitic orders 
from 'Clade III' (see fig. 1.4) and 4 Cephalobidae are included to resolve the positions 
of Plectidae and Teratocephalidae. The dataset for analysis of Chromadoria is thus 
comprised of 37 taxa. All other taxa are excluded from both phylogenetic analysis and 
Likelihood ratio testing for the substitution model that best fits the data. MP and NJ 
trees were generated as before. MP analysis produced a single tree and local searching 
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1suhct ol the data provided no shorter trees. The MP and NJ trees were subjected to 
statistical tests to ascertain the best starting tree for ML analysis. The subsitution model 
not rejected by Likelihood ratio test was applied as before for assessing potential 
starting trees and then for ML heuristic search. The resulting ML tree was statistically 
evaluated as before. 
Results 
The trees generated by MP and NJ are shown in figures 9.1 and 9.2 respectively. 
Bootstrap values are shown above the branches to which they apply. By MP analysis 
(fig. 9.1) Cyatholaimidae (Paracyatholairnus and Praeacanthonchus spp.) are outwith 
the rest of the taxa with highly significant support. A dade with maximum support is 
formed from Desmodoridae, which would be strongly monophyletic except for the 
inclusion of Xyzzors sp. normally classified as Cyatholaimidae (Lorenzen 1994). 
Support for groups within Desmodoridae is low with the notable exception of Xyzzors 
with Des,'nodora and the well-supported genera of Eubostrichis and Laxus. 
Monhysterida command maximum support as an outgroup to Plectidae and Rhabditia. 
Plectidae are in turn placed strongly outwith Teratocephalus which similarly is found 
with strong support basal to the representatives of Rhabditia which form two distinct 
clades of Cephalobidae and the parasitic Ascaridida, Spirurida, Oxyurida, and 
Rhigonematida ('Clade III'). By NJ analysis (fig. 9.2) Cyatholaimidae forms a 
monophyly with Desmodoridae, but this is not significantly supported. There is greater 
support for groups of taxa within Desmodoridae including 90% support for the 
subfamily Stilbonematinae. Within the Stilbonematinae monophyly, greater support is 
evident for stepwise monophylies of Leptonernella with Laxus spp., Catanerna with 
both these genera plus Stilbonema and Robbea spp, and Eubostrichis spp. with all of 
these. The rest of the tree shows similar topology as with MP analysis and with similar 
support with the exception of Teratocephalus, which although significantly supported 
outwith Rhabditia by MP analysis is included within Rhabditia as a sister taxon to the 
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Phylogram based on Maximum Parsimony analysis. Bootstrap values are indicated 
above the branches to which they apply. Values shown in red indicate significant 
support. Analysis is on 2392 characters, 696 of which are informative for parsimony. 
This tree is 3238 steps in length and is the single most parsimonious reconstruction. 
Different orders are indicated by name and coloured band. Clade III corresponds to that 
of Blaxter et a! (1998). Refer to text for details. 
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Phylogram based on Neighbour Joining analysis with Minimum Evolution criteria and 
Log determinate distance correction. Labelling as with fig. 9.1. Refer to text for details. 
The MP and NJ trees were subjected to statistical analysis to deterniine the best starting 
tree for ML analysis. The underlying nucleotide substitution model chosen for testing 
likelihood scores was as before, the GTR model which was not rejected by Likelihood 
ratio test (Posada and Crandall 1998), with rate heterogeneity (default gamma shape 
0.5) incorporating a proportion of invariable sites (arbitrarily 0.4). The results of 
statistical testing of the trees is shown below. MP refers to the tree in fig. 9.1 and NJ to 
the tree in fig. 9.2. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length duff 	s.d.(diff) 	t 	P * 
MP 	3238 	(best) 
NJ 3270 32 	11.20823 2.8550 0.0043* 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test). Asterisked value in table 
indicates significant difference at P < 0.01. 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
----Templeton ---------- -- Winning-sites --
Tree 	Length Rank sums* N 	z 	P** counts 	P 
MP 	3238 	(best) 
NJ 3270 3769.5 	108 -2.8461 0.0044* 	69 0.0053* 
-2116.5 -39 
* Wilcoxon signed-ranks test statistic is the smaller of the absolute values of the two rank 
sums. 
** Approximate probability of getting a more extreme test statistic under the null hypothesis 
of no difference between the two trees (two-tailed test). Asterisked value in table indicates 
significant difference at P < 0.01. 
Maximum Likelihood Pairwise test 
Kishino-Hasegawa test results: 
Tree 	-In L 	Diff -In L 	s.d.(diff) 	T 	P 
	
MP 17782.29965 	(best) 
NJ 17806.62318 24.32354 	20.27358 1.1998 0.2303 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test) 
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The results from MP pairwise testing show the most parsimonious tree as the best. In 
common with the Enoplia dataset the NJ tree is shown to be significantly worse by MP 
testing. The NJ tree is also shown to be worse although not significantly so by ML 
analysis. This may at first seem surprising given the underlying model imposed to 
which parsimony does not adhere, but this dataset is more suited to parsimony analysis 
in the absence of significantly long branches. As Maximum Parsimony assumes 
constant rates then the MP analysis actually approximates the model (see below). In 
addition the retention index (RI) value of this data is 0.7, considerably higher than the 
Enoplia data and indicative of data which is low in homoplasy. MP analysis gave a 
single most parsimonious tree. The MP tree was thus chosen as a starting tree for ML 
analysis. The GTR substitution model parameters based on this tree were fixed for ML 
heuristic search. The gamma shape was 1.0537 compared to 0.573 5 with the Enoplia 
dataset (rate heterogeneity parameters for all datasets are outlined in Appendix A2). 
This suggests that more of the sites are variable but to a lesser extent than with the 
Enoplia data i.e. rate heterogeneity is spread more throughout the data. The difference 
is probably due to the absence of any significant long-branch effects within the 
Chromadoria data as compared to the extremely long branches within Trichocephalida 
in the Enoplia data set. The resulting ML tree is shown in figure 9.3. This tree was 
compared to the starting tree (MP, fig. 9.1) and to the NJ tree (fig. 9.2). The results are 
shown below. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree Length Length duff 
MP 3238 (best) 
NJ 3270 32 
ML 3246 8 
s.d.(diff) 	t 	P* 
11.20823 	2.8550 0.0043* 
7.34818 1.0887 0.2764 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
-------- Templeton ---------- 	 -- Winning-sites -- 
Tree Length Rank sums* N 	z 	P counts 	P 
MP 3238 (best) 
NJ 3270 3769.5 108 -2.8461 0.0044* 	69 	0.0053* 
-2116.5 -39 
ML 3246 852.5 54-1.0887 0.2763 	31 	0.3408 
-632.5 -23 
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Figure 9.3 
Phylogram based on Maximum Likelihood analysis using the tree in fig. 9.1 as a starting 
tree and GTR substitution model with gamma shape, invariable sites, and nucleotide 
frequency estimated by Likelihood and fixed for ML heuristic search (see methods). 
This tree is the most likely given the data. Labels as before. For bootstrap values see fig. 
9.4. 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree 	-in L 	Diff-In L 	s.d.(diff) 	T 	P 
MP 17782.29965 	15.43358 	11.74176 1.3144 0.1888 
NJ 17806.62318 39.75712 21.41490 1.8565 0.0635 
ML 17766.86607 	(best) 
By MP pairwise testing the starting MP tree is best. It is interesting to note that ML 
analysis has added eight steps to the starting tree to produce a ML tree which is fifteen 
times more likely than the MP tree and forty times more likely than the NJ tree given 
the data. The tree produced by ML analysis (fig. 9.3) is in broad agreement with the 
MP starting tree (fig. 9.1). Branch lengths have been adjusted by ML to account for 
particularly divergent sequences such as those found within Monhysterida. Branch 
lengths of the other taxa have become shorter. Thus although the MP and ML trees are 
similar in topology, trees by ML analysis more accurately reflect phylesis of the taxa 
under analysis. A cladogram of the most likely tree given the data and underlying 
model is shown in figure 9.4. Differences from the MP tree are primarily in terms of 
statistical support, which in the ML tree is provided by NJ bootstrap with ML 
parameters for distance correction. Curiously, given the poor scores of the NJ tree, ML 
analysis confirms support for the branching order within Desmodoridae shown by the 
NJ tree and increases support for an Acanthopharynx based monophyly from 62% to a 
significant 75%. Support for a Stilbonematinae monophyly has been reduced from 
90% to 72%. In agreement with the MP tree (fig. 9.1) ML analysis places 
Cyatholaimidae at the root of Chromadoria and Teratocephalus at the root of Rhabditia 
although in the latter case support has fallen from 84% to a still significant 66%. Other 
changes involve a rearrangement within Plectidae and within Clade III and a resolution 
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Figure 9.4 
Cladogram showing support for the tree in fig. 9.3. Bootstrap values and labels are 
indicated as before. Bootstrap analysis was carried out by the Neighbour Joining method 
with Minimum Evolution criteria and distance correction supplied by the same 
Maximum Likelihood parameters which resulted in the tree shown in fig. 9.3. All the 
major branches of this cladogram are statistically supported. Refer to text for details. 
Discussion 
Connecting Enoplia and Chromadoria 
Cyatholaimidae, represented here by two taxa, Paracyatholoimus intermedius and 
Praeacanthoncus, are derived from the root of Chromadoria. The inclusion of 
Cyatholaimidae within Chromadorida (within a Desmodoridae monophyly) is rejected 
by Likelihood ratio test (P<< 0.001). There are morphological correlates for this 
position. They have a simple pharynx with no basal bulb, long cephalic setae, and a 
single distinct dorsal tooth, all characteristic of Enoplia. Another character, a single 
posterior testis, is shared with Adoncholaimus. Their marine habitat, striated cuticle, and 
spiral amphids however place them in Chromadoria. Cyatholaimidae also possess cup-
shaped pre-cloacal papillae; copulatory organs also common in Plectidae and 
Desmodorida. Paracyatholoimus intermedius and Praeacanthoncus sp. were added to 
the Enoplia dataset to assess whether they had been mis-classified but they did not 
weaken the Chromadorida/Monhysterida monophyly within the Enoplia dataset. 
Inclusion with Monhysterida is also rejected by likelihood ratio test (P<< 0.001) 
Cyatholaimidae are true intermediates between Enoplia and Chromadoria. 
The development of Desmodoridae 
Desmodoridae form a monophyly with maximum support and within this family a 
Stilbonematinae monophyly commands 72% support. An unsupported monophyly of 
Stilbonematinae has been shown previously by combining morphological and 
ecological traits with SSU rDNA analysis (Kampfer, Sturmbauer et al. 1998). 
Stilbonematinae inhabit sulphur-rich sediments and this ecology accounts for an 
association with ectosymbiotic sulphur-oxidising chemoautotrophic bacteria attached to 
their cuticle (Kampfer, Sturmbauer et al. 1998). This is a trait characteristic of the 
subfamily for which a monophyly is now shown to be statistically supported. 
Desmodorids are characterised by a pharynx with distinct basal bulb and poorly 
developed buccal capsule. They do not posses the cuticularised teeth of Enoplia but 
cuticularisation of the head does occur within Stilbonematinae (Kampfer, Sturmbauer et 
al. 1998) causing in some instances a cephalic capsule or 'helmet'. The origins of this 
capsule can be pinpointed within the group. Eubostrichus do not display significant 
head cuticularisation and are found basal to the group, thus the capsule arose after 
separation of the Eubostrichus lineage. The monophyly of the group displaying 
cephalic encapsulation is supported by 69% of bootstrap replicates. Spiral amphids are 
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common to Desmodoridae as with other chromadorids. Metachromadorida sp. is basal 
to the group by both ML (fig. 9.3) and NJ (fig.9.2) analyses and has amphids which 
are both pocket-shaped like Enoplida and spiral like Chromadorida. The phylogenetic 
position of Metachromadorida basal within Desmodoridae reflects its intermediate 
morphological characteristics. A surprise inclusion within the desmodorid dade is 
Xyzzors sp. normally classified as Cyatholaimida (Lorenzen 1994). Xyzzors has a 
simple pharynx with no basal bulb. Since possession of a pharyngeal bulb is a strong 
characteristic within Desmodoridae (Lorenzen 1994; Malakhov 1994) a recapitulation 
of the ancestral state is evident for Xyzzors. However, a case of mistaken identity in 
obtaining the sequence (Kampfer, Sturmbauer et al. 1998) cannot be ruled out 
especially since Xyzzors groups with Desmodora, the type genus of the group, with 
strong support in all analyses. 
Monhysterida: the root of Rhabditia 
Monhysterida command maximum support as a sister group to Plectidae and the 
Rhabditia representatives in this dataset. Monhysterida are mostly marine forms and are 
traditionally thought to display characteristics regarded as ancestral such as often a 
simple buccal morphology, no teeth, and few members display a pharyngeal bulb. In 
addition, the cuticle is finely striated and lacks scierotisations, and lateral differentiation 
is absent. As a result, their position at the root of 'Secementea' may be thought of as 
extremely unlikely. Monhysterida are increasingly regarded however as possessing 
more sophisticated character traits than was originally thought (P. Dc Ley, pers. 
comm.). In the previous analysis by Blaxter et al (1998) a single sampling, 
Diplolaimelloides meyli, occupied a similar position at the root of Secementea but was 
grouped with Bunonema, a rhabditid, due to long branch effects, thus confusing its (and 
Bunonema's) position. The position of Monhysterida is unequivocal in all analyses 
used here. Monhysterids do display a key morphological trait that may shed light on 
their apparently anomalous phylogenetic position. They are the most primitive group of 
nematodes in which complex compartmentalisation of the stoma into basal, middle, and 
apical parts, is evident. This is a key feature within Rhabditia. A wide variation in 
structure and arrangement of cephalic sensillae is also evident within the group and in 
Theristus the sensillae are replaced by tufts of somatic setae which may be a 
preindication of the elaborate cephalic morphology common in Cephalobidae. Setae 
have been proposed as the ancestral form of cephalic sensillae (Maggenti 198 1) but it 
seems more likely in the face of the phylogeny presented here and ontogenetic criteria, 
that marine Enoplia represent the ancestral form from which the rest of Nematoda 
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arose. Within Enoplia the trend is toward cuticularisation of the oral cavity to form teeth 
or other structures of mechanical trophic necessity and within Chromadoria and 
Rhabditia the trend is toward reduction of scierotised extensions in favour of more 
sophisticated sensillae and complex organisation of pharyngeal structures. That 
enoplid-type structures occur in both Chromadoria and Rhabditia simply supports the 
view for an enoplid origin of nematodes. Monhysterida have undoubted enoplid 
characters. It is precisely the lack of scierotisations and lateral differentiation that 
provides the basis for the radiation of forms evident within Rhabditia. Theristus 
polychaetophilus also provides probably the earliest forms of animal ectoparasitism, 
illustrating that simplification of body morphology is prerequisite for the parasitic 
mode of life. 
Plectidae and Teratocephalidae: the first Rhabditia 
Plectidae are shown as a well supported sister group to Teratocephalus and the 
sampled members of Rhabditia. No members of Rhabditina are sampled here and so 
the phylogenetic position of Plectidae is not as yet unequivocal. Previous analysis has 
shown the position of Plectidae to be unresolved (Blaxter, De Ley et al. 1998) and a 
more definitive position is yet to be established. Members of Plectidae have pharyngeal 
valves and in at least one member, P. parvus, the valve is described as similar to that of 
Rhabditidae. Plectidae show other characteristics common to Rhabditia such as 
presence of an isthmus-like constriction anterior to the basal bulb and a single testis, 
folded at the tip. Plectidae do however have features which set them apart from 
Rhabditia such as somatic setae, relatively large and posteriorly located amphid 
openings, and the basal bulb in some species (notably P. parietinus) has longitudinal 
rather than transverse valves. They also lack phasmids and usually have caudal glands. 
Plectidae seem to fill an analogous position to that of Cyatholamidae, as intermediates, 
in this case between Chromadoria and Rhabditia. Teratocephalus lirellus is shown to 
be intimately associated as a sister taxon to Rhabditia. Teratocephalidae share many 
characteristics with Plectidae including a basal bulb with valves and a single testis, 
which folds at the top. Members of Teratocephalidae are also parthenogenetic and lack 
phasmids. They do however have very small, more anteriorly placed amphids. The 
labial region and oral cavity of Teratocephalus has been described as similar to that of 
Cephalobidae (Lorenzen 1994). Plectidae and Teratocephalidae undoubtedly represent 
primitive Rhabditia forms. 
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Resolving the Adenophorea-Secernentea controversy 
That Adenophorea is paraphyletic and gives rise to Secementea can no longer be in any 
doubt. Evidence for an adenophorean monophyly relies on four morphological 
characters based on diagnostic features described by Andrássy (Andrássy 1976) of 
which, two are negative features; the lack of phasmids and deirids. The other two 
synapomorphies are the form and placement of the amphids, and excretory organ 
consisting of a single cell (Andrassy 1976). Lorenzen compiled another twelve 
characters to define Adenophorea, of which two were new to phylogenetic study: 
position of gonads in relation to intestine and presence of metanemes. None of these 
characters can be considered remotely robust. Amphids are highly variable within 
adenophorea, from cup-shaped to hook-shaped to spiral, and from highly discrete to 
highly sclerotised. Similarly, position and shape of gonads is shown to be 
extraordinary homoplastic throughout Nematoda, with the difference between didelphic 
gonads in C. elegans and monodelphic gonads in Panagrellus shown to be due to the 
death of a single distal tip cell (Stemberg and Horvitz 1981). Metanemes as a 
diagnostic feature of Enoplida is not supported as Enoplida is paraphyletic and gives 
rise to Triplonchida, whose members do not possess metanemes. A feature of Enoplida 
in any case does not support a monophyly of Adenophorea. All other evidence points 
to adenophorean origins for Secernentea. Morphological characters aside, the broad 
ecology of a predominantly terrestrial, parasite-rich Secementea is clearly derived in 
comparison with a primarily marine Adenophorea. Molecular evidence (Aleshin 1998; 
Blaxter, De Ley et al. 1998) confirms the rise of Secementea from adenophorean 
origins. However, Kampfer et al use the same metric, SSU rDNA to provide support 
for the opposing view of traditional division of the two classes but have sampled only 
from Desmodoridae with the addition of a single enoplid (Kampfer, Sturmbauer et al. 
1998). As shown here, Desmodoridae form a well-supported monophyly within 
Chromadorida. Secementea are the sister taxon of Monhystenda as described here and 
supported by other molecular analysis and putative synapomorphies comprised of 
secondary structure hairpin regions of the SSU rRNA molecule (Aleshin 1998). 
Although the subclasses Enoplia, Chromadoria, and Rhabditia (sensu Malakhov) can 
now be joined by phylogeny, further sampling of taxa is required to establish the 
various radiations and associations within and between each subclass and to establish a 
definitive root for the emergence of Nematoda as a phylum. 
78 
10 PHYLOGENETIC ANALYSIS OF AN EXTENDED SPIRURO-
ASCARID LINEAGE (CLADE III) 
Introduction 
SSU rDNA phylogenetic analysis by Blaxter et al (1998) has shown a well-supported 
closely related obligate parasitic group of nematodes (Clade III). Spirurida, Oxyurida, 
Rhigonematida, and Ascaridida are shown to be more genetically similar than some 
species from the same genus. This is surprising given the disparate morphological and 
ecological phenotypes displayed by taxa within the dade. The dade is comprised of 
parasites from both aquatic and terrestrial hosts. Intermediate hosts are common but not 
universal and can include arthropods, fish, amphibians, reptiles, mammals, and birds. 
All of these can also represent definitive hosts. Members of Ascaridida include the 
largest nematodes known, yet others are are relatively small. Some parasites complete 
their lifecycle entirely within the host alimentary canal yet others have an obligate tissue 
migration. A haplodiploid sex determination scheme is displayed by Oxyurida but not 
the other orders, and endosymbiotic wolbachia-like bacterial endosymbionts are 
common in filarial nematodes but not others. The only other occurence of these latter 
two traits is in arthropods. That such a genetically similar group of nematodes can 
display almost all nematode animal-parasitic phenotypes raises important questions 
about the rate and mechanism of the acquisition of traits which adapt an organism to a 
parasitic mode of life. Although a Rhabditia origin has been proposed for each of these 
orders (Maggenti 1983; Malakhov 1994), prior to recent molecular evidence (Blaxter, 
De Ley et al. 1998) a common origin has been proposed only for Spirurida and 
Ascaridida (Malakhov 1994). The origins of most Rhabditia parasitic groups are 
generally considered to be terrestrial rhabditid forms. Classification for the Clade III 
groups has always been problematic however as there are no direct morphological 
correlations with free-living terrestrial rhabditids and no obvious direct free-living 
relative (Blaxter, De Ley et al. 1998). Plectidae represent the most closely related sister 
group to Clade III, genetically, but Plectidae themselves are not unambigously 
classified. This dade of nematodes represents a true 'taxonomic island' which offers a 
considerable phylogenetic challenge. 
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Methods 
Taxa for inclusion in this dataset were chosen by the same method as before (Ch. 8). In 
this case the choice was not difficult, as one overriding feature of this group is their 
genetic similarity. Thirty-three taxa were chosen on this basis. Three Plectidae were 
chosen for outgroup comparison as they appear consistently to be the closest potential 
outgroup (Blaxter, De Ley et al. 1998), (see previous chapter). Thirty-six taxa thus 
formed the extent of the dataset. Trees were generated as previously described (see Ch. 
8). Maximum Parsimony (MP) analysis employed ten replicate heuristic searches and 
produced 53 shortest trees. Of these, 4 trees had the same best likelihood score, using 
default likelihood parameters. One of these was chosen at random for a potential 
starting tree for Maximum Likelihood (ML) analysis. Another potential starting tree 
was generated by Neighbour Joining (NJ) analysis employing minimum evolution 
criteria on LogDet transformed data. No shorter tree by MP local sub-searching of the 
data was found. The two potential starting trees were statistically assessed by MP and 
ML criteria. ML parameters and substitution model were set according to the model not 
rejected by likelihood ratio test. Values for rate heterogeneity were estimated by ML, 
based on the chosen starting tree and fixed for ML heuristic search. The resulting ML 
tree was statistically assessed against the starting tree. Statistical support for 
monophylies was assessed by bootstrap and likelihood ratio test. 
Results 
The trees generated by MP and NJ are shown in figures 10.1 and 10.2 respectively. 
The MP tree (fig. 10.1) was arbitrarily chosen from 4 most likely trees of 53 trees the 
same length. The high number of most parsimonious trees is due to rearrangements 
within Ascaridida in which some of the sequences are in excess of 99% identical. By 
MP analysis (fig. 10.1) Spirurida is shown to be paraphyletic. Gnathostoma form a 
sister group to the rest of the dade with 86% bootstrap support. Oxyurida (represented 
by a single taxon, Dentostomella sp.) root a monophyletic dade of Ascaridida, 
Rhigonematida, and the remainder of Spirurida with 81% support. This monophyly is 
further split into two clades. The first, containing Onchocercidae: Spirurida, and the 
other, a monophyletic Ascaridida dade. The single representative rhigonematid, 
Brumptaemilius justini, is supported within the dade but cannot be placed with any 
degree of confidence. A monophyly of Onchocercidae commands 100% support. A 
monophyly of these with Philonema sp. is supported (62%) but not significantly so. 
The level of support for and within Onchocercidae approaches highly significant levels 
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for all bifurcations. Brugia and Wuchereria are grouped with 80% support. Dirofilaria 
is then added with 80% support. Loa ba joins with 89% support and Onchocercha is 
included with 78% support. Litomosoides and Acanthocheilonema are basal to 
Onchocercidae commanding 100% support for the monophyly of the family. These 
levels of support for and within the family Onchocercidae should however be treated 
with caution as the groupings are not reflected in the phylogram shown in fig. 10.1, 
with the exception of Brugia, Wuchereria, Dirofilaria and Loa ba. These apparently 
anomalous levels of support may be due to the bootstrapping procedure which did not 
allow for branch swapping (MP parameters are outlined in Appendix A2) due to the 
astronomical number of equally parsimonious trees possible when resampling the 
dataset. 
A monophyly of Ascaridida is supported by 68% MP bootstrap replicates. Within this 
monophyly, an Ascaridoidea superfamily is supported by 72% bootstrap replicates with 
the exclusion of Heterocheilus tunicatus which forms a polytomy with Cruzia 
americana (normally classified as Cosmocercoidea (Fagerholm 1991; Nadler and 
Hudspeth 1998)) as a sister group to Ascaridoidea. Ascaridoidea is represented by 
three groups, which form a polytomy within the superfamily. These groups correspond 
to the families Rhaphidascarididae (88% support) which includes Iheringascaris 
inquies (normally considered Ascarididae), Anisakidae (87% support), and Ascarididae 
(63% bootstrap). Of these families Ascarididae is not as significantly supported as the 
others and Porrocaecum depressum, Toxocara canis (both Ascarididae), and 
Contracaecum multipapillatum (Anisakidae) cannot be placed to any family within 
Ascaridoidea with any confidence. The level of genetic divergence between members of 
Ascarididae is extremely low (see fig. 10.1) but these family groups are indeed 
reflected in the phylogram shown in fig. 10.1. 
By NJ analysis, the overall tree topology (fig. 10.2) does not appear dramatically 
different than with MP analysis. There are however key differences, include the placing 
of Phibonema sp. which is outside not only the ascaridlspiruridlrhigonematid (ASR) 
monophyly but also Oxyurida with 85% support. The ASR monophyly commands 
slightly less but still significant support (72% cf 81% for MP). Support within 
Onchocercidae and support for a monophyly of Onchocercidae with Litomosoides and 
Acanthocheibonema is remarkably similar to MP analysis, the only difference being the 
lack of support by NJ for the two Onchocerca spp. (< 50% by NJ, 93% by MP). 
Similarly within Ascaridida, the major families of Rhaphidascarididae, Anisakidae, and 
Ascarididae are all represented and their support has increased further. In addition the 
81 
63% support of the members of Ascarididae by MP is increased to 81% by NJ 
analysis and Toxocara, Contracaecum and Porrocaecum spp. are grouped within 
Ascarididae but not with significant support. The most significant difference between 
NJ and MP support within Ascaridoidea is the NJ support for an 
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Figure 10.1 
Phylogram representing the most likely (1 of 4) of 53 of the most parsimonious 
reconstructions by Maximum Parsimony analysis. Number adjacent to branches refer to 
MP bootstrap support, significant values in red. Different orders (and families for 
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Phylogram generated by NJ with LogDet distance correction. Bootstrap evaluation was 
carried out by resampling (200 replications) with the same method. Labelling as with 
fig. 10.1. This tree differs from the MIP in the phylogenetic position of Philonema. Refer 
to text for details. 
MP and NJ trees (figs. 10.1 and 10.2) were statistically compared to determine the best 
starting tree for Maximum Likelihood (ML) analysis. The underlying nucleotide 
substitution model not rejected by likelihood ratio test (Posada and Crandall 1998) was 
again GTR with rate heterogeneity (default gamma shape 0.5) incorporating invariable 
sites (0.4). Results of statistical comparison are shown below. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length diff s.d.(diff) 	t 	P * 
MP 	956 	(best) 
NJ 981 25 	6.69010 3.7369 	0.0002* 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test). Asterisked value in table 
indicates significant difference at P < 0.01. 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
----Templeton ------------ Winning-sites -- 
Tree 	Length Rank sums*  N 	z 	P** 	counts 	P** 
MP 	956 (best) 
NJ 981 	714.0 	42 -3.7268 0.0002* 	33 0.0004* 
	
-189.0 -9 
* Wilcoxon signed-ranks test statistic is the smaller of the absolute values of the two 
rank sums. 
** Approximate probability of getting a more extreme test statistic under the null 
hypothesis of no difference between the two trees (two-tailed test). Asterisked 
value in table indicates significant difference at P < 0.01. 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree 	-in L 	Diff-In L 	s.d.(diff) 	T 	P 
MP 	7785.70429 	(best) 
NJ 7816.86505 31.16075 	14.45578 2.1556 0.0312 ** 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test) 
** Significant at P < 0.05 
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The most striking conclusion from statistical comparison of the trees is that the NJ is 
significantly worse by all analyses. The difference is highly significant with MP 
pairwise tests (P= << 0.001). That NJ analysis is underperforming is not in doubt but 
the difference shown here has more to do with the composition of the dataset. NJ 
creates a distance matrix, which provides a point estimate of global distances. The 
sequences used in this dataset are too similar i.e. most sequences are equidistant and 
thus phylogenetic information is lost when the data is converted to a distance matrix. 
NJ is also sensitive to terminal length differences within the dataset and therefore since 
gaps are included in the analysis these are 'overweighted' in a dataset comprised of 
highly similar sequences. MP performs well not because the data is highly parsimony-
informative (it is not as there are only 311 parsimony-informative characters from 
2329) but because the level of homoplasy is so low (sequences very similar), with a 
retention index of 0.8. Thus the few parsimony-informative characters that are present 
are not obscured by background noise but in the end produce 53 most parsimonious 
trees. That this data is 'oversuited' for MP and 'undersuited' for NJ explains the 
apparently anomalous differences in support values within each tree. For example 93% 
of MP replicates group onchocercids compared to <50% for the same two taxa in NJ 
analysis. In addition, the level of support for Philonema inside an ascarid/spirurid 
monophyly commands 81% support but is outside both the ascaridlspirurid 
monophyly and Dentostomella with 85% support in NJ analysis. Remarkably, MP and 
NJ are in total agreement for support for all the other groups. There is clearly an 
opportunity for ML to resolve both the phylogeny and assess the relevant error of both 
MP and NJ analyses. The MP tree (fig. 10. 1), by a clear statistical margin, is the starting 
tree for ML analysis. The GTR model of nucleotide substitution was employed and 
parameters (see Appendix A2) to accommodate rate heterogeneity were estimated by 
likelihood, based on the starting tree, and fixed for ML heuristic search. The resulting 
ML tree is shown in figure 10.3. This tree was statistically compared to the starting 
tree. The results are shown below. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length diff s.d.(diff) 	t 	P * 
MP 	956 	(best) 
ML 958 2 	3.46458 0.5773 0.5638 
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Phylogram generated by Maximum Likelihood analysis with GTR model of nucleotide 
evolution incorporating rate heterogeneity. ML heuristic search employed the tree in fig 
10.1 as a starting tree. This topology of this tree is identical to the starting tree (fig. 10.1) 
and equally likely. See text for details 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
---------Templeton ------------- -- Winning-sites --
Tree 	Length Rank sums* N 	z 	P 	counts 	P** 
MP 	956 	(best) 
ML 958 45.5 	12 -0.5774 0.5637 	7 	0.7744 
-32.5 -5 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree -in L Diff-In L 
MP 	7723.59129 	1.25318 
ML 7722.33811 (best) 
s.d.(diff) 	T 	P 
6.43541 0.1947 0.8456 
The results from all statistical analyses suggest that the two trees are not in any way 
statistically different. From the phylograms (figs 10.2 and 10.3) it is clear that ML has 
created a barely more likely tree by reducing branch lengths which are almost zero to 
zero. The ML tree (fig. 10.3) may be a 'consensus' of the 53 most parsimonious trees 
and is only 2 steps longer. The MP tree cannot be rejected by likelihood ratio test but 
the difference in the two trees is shown to be greater (P=0. 1) than with the analyses 
above. Thus the ML tree represents the most likely tree (by a very small margin) given 
the data. 
Support for the ML tree is assessed by NJ bootstrap with ML model and parameters 
for distance correction. A cladogram showing the most likely topology with bootstrap 
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Figure 10.4 
Cladogram showing the level of support for branching patterns using NJ bootstrap with 
ML parameters, estimated and used for ML search, for distance correction. The topology 
shown here is the same as fig. 10.2 (NJ tree) with respect to the position of Philonema 
sp. See text for details. 
Although the ML phylogram (fig. 10.3) is essentially identical to the MP tree (fig. 
10.1) differences are evident in the level of support for various branching patterns (figs. 
10. 1, 10.4). Support and branching order for NJ bootstrap analysis with ML distance 
correction (fig. 10.4) closely approximates that for NJ bootstrap with LogDet distance 
correction (fig. 10.2). This shows that although the phylogram produced by NJ 
analysis is significantly worse than the MP tree (fig. 10.1) NJ branching order is 
supported, at least within Spirunda, by a distance measure with ML correction. Spirurid 
sequences are more divergent within this dataset than ascarid sequences and are 
perhaps more amenable to NJ analysis. In addition MP bootstrap values are likely to 
have a high margin for error as no branch swapping was applied to the replication 
procedure. An apparent problem exists here for the position of Philonema. MP 
analysis places Philonema within a well-supported ascaridid/spirurid monophyly, yet 
NJ and NJ bootstrap with LogDet and with ML criteria for distance correction place 
Philonema as a sister taxon to both the ascarididlspirurid monophyly and also 
Dentostomella (Oxyurida). The alternative positions of Philonema were assessed by 
likelihood ratio test. Although moving Philonema outside Dentostomella adds 10 
parsimony steps this topology is not rejected by likelihood ratio statistic, and in fact 
with a P value of 0.8 suggests that either topology is equally likely. The sampling of 
more oxyurids and dracunculids may help determine a definitive position for both 
Oxyurida and Philonema. 
Discussion 
Aquatic parasitic origins 
In all analyses, this compound parasitic dade is rooted by a Gnathostoma lineage with 
highly significant support. Gnathostomatidae are usually classified within Spirurida 
(Anderson, Chabaud et al. 1974-1983) because they utilise arthropod intermediate 
hosts, have a poorly developed buccal cavity, and simple stoma. Spirurida are however a 
large heterogeneous group and gnathostomes have distinct characteristics, which 
support their position as an ancient lineage within this extended parasitic assemblage. 
Gnathostomatidae have a stout, simple morphology with two powerful lateral lips and a 
distinct bulbous head. Particularly characteristic are transverse rows of spines, which 
cover the anterior portion of the body. Gnathostomes are clearly adapted to a burrowing 
or tissue migratory existence. Host acquisition is not by ingestion as eggs, but rather 
the eggs hatch and actively swimming Ll larvae are eaten by a cyclopoid copepod. 
After penetration into the host haemocoel development to the L2 stage takes place. 
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Ingestion of the copepod by a second intermediate host, usually a fish, is required for 
development to the infective L3 stage after migration to muscle or connective tissue. 
The L3 is infective only to a carnivorous mammal definitive host. If ingested by 'the 
wrong'definitive host (paratenic host) then the parasite may continuously migrate with 
no further development. The requirement for two intermediate hosts, at least one of 
which is of ancient origin, and the presence of actively swimming Li larvae suggests a 
life history developed from truly ancient origins. It has been proposed that the origins 
of Gnathostoma parasitism date back over 400 million years to the Silurian period 
(Malakhov 1994). If this is accepted then fresh-water filter feeders, Agnatha (aquatic 
ancestors of vertebrates) would ingest Li larvae during feeding. The larvae would attach 
to the epithelial walls of the intestinal tract to avoid the flow of food mass and 
eventually migrate into various tissues and organs via the blood stream. This provides a 
mechanism for the establishment of migratory parasitism common to the spiruro-
ascarid lineage. The development of mandibles however, allowed the primitive host to 
become a predator, the main prey being a large array of arthropod invertebrates. During 
feeding, some invertebrates would be accidentally infected by the Li larvae, which 
would penetrate the gut wall, to the haemocoel and be unable to complete development. 
Thus the predatory host became the definitive host and reinforcement of the route of 
infestation fixed the requirement for the intermediate host. This mechanism seems 
plausible, especially since most Agnatha (Ostracodermi) died out in the Devonian, 
replaced in ecological terms, by fish, the second intermediate host for modem 
gnathostomes. If this is true then the dawn of parasitism within Clade III dates back up 
to 500 million years, certainly earlier than rhabditid parasites. 
Coadaptation of host and parasite 
In NJ analysis (fig. 10.2) and NJ bootstrap ML distance correction (fig. 10.4) 
Philonema sp. forms the next lineage of parasitism, well supported outwith Oxyurida 
and the remaining spiruro-ascarid lineage. Philonema oncorhynci is a dracunculoid 
parasite of sockeye salmon, again a host with ancient (Osteichthyes -bony fish) origins. 
Sockeye salmon are anadromous (migrate from salt to fresh water) salmonids that die 
after spawning. This may seem literally like a parasitic dead end, but the life cycle of the 
parasite is completely attuned to that of the host (Maggenti 1983). Fully gravid parasitic 
females are expelled when the salmon releases its roe. Almost immediately, the female 
worms burst, releasing up to 500,000 Li larvae (Maggenti 1983). The decaying body 
of the adult salmon provides nourishment for the parasite intermediate arthropod host, 
the copepod. The parasite develops to L3 infective stage within the copepod, which in 
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turn provides a food source for the young salmon. The development of the parasite then 
mirrors that of the host with both reaching adulthood some three years later back at the 
spawning ground where again both host and parasite die releasing the next coadapted 
generation. The nematodes migrate within the salmon host to the wall of the swim 
bladder and connective tissues of the parietal peritoneum, and male nematodes can form 
cysts in various bodily organs. There are many comparisons of life history between 
Philonema and Gnathostoma, including the swimming Li larvae, and copepod 
intermediate host. The key difference would be in the initial 'choice' of host with 
gnathostomes being preadapted to early filter feeders before the arrival of predatory 
fish. 
A new parasitic niche 
A monophyly, significantly supported by all analyses is comprised of two independent 
lineages of spirurids and ascarids. The spirurid line is comprised of an Onchocerchidae 
monophyly which commands maximum support. A lineage of rodent parasites, 
Litomosoides and Acanthocheilonema are basal within the dade. This concurs with a 
previous molecular analysis in which these rodent parasites are proposed to be the most 
primitive members of the family (Xie, Bain et al. 1994). There is disagreement however 
with the same previous analysis on the relationship between Loa ba and Dirofilaria 
immitis. Although a Dirofilariinae subfamily comprising Loa boa and D. immitis is not 
shown to be monophyletic by this analysis, a closer relationship is shown between 
these two taxa than previously attested using the 5S RNA intergenic spacer region (Xie, 
Bain et al. 1994). This region contains a spliced leader sequence. Although the leader 
sequence is highly conserved, the neighbouring sequence is highly variable which may 
cast doubt on phylogeny inferred from this sequence. Members of Onchocercidae are 
also vectored by arthropods, but in this case usually by flying insects (Diptera) and the 
L3 infective larvae are transmitted directly to the tissue during insect feeding. 
Onchocercidae are all morphologically similar with no lips or buccal capsule, a simple 
pharynx, and blunt at both ends. Diagnostic of the family are two circles of four 
papillae surrounding the mouth. The definitive hosts for Onchocerca spp. are wide 
ranging, from amphibians and reptiles to birds and mammals. When humans are the 
definitive host, Onchocerca infective Us are passed by black fly, Loa Loa by deer fly, 
and Wuchereria and Brugia by mosquito. Dirofilaria, a characteristic heart-worm of 
dogs, is vectored also by mosquito. All members of the family Onchocercidae migrate 
in the host and release microfilariae (undifferentiated Li larvae) which are then picked 
up by the intermediate host during the next blood meal. Stepwise monophylies are 
evident (see fig. 10.4) of Brugia and Wuchereria with 81% support, both of these with 
Dirofilaria (67% support), then Loa ba added with 79% support. An Onchocerca 
lineage is shown paraphyletic, basal to the rest with 70% support. A directionality for 
the evolution of migration from cutaneous to deep tissue within the definitive host is 
suggested by this topology. Onchocerca adults locate under the skin and form nodules 
by encapsulation with host immune reactions. The microfllariae remain under the skin 
until released to the intermediate host. Microfilariae develop to infective L3 stage within 
the black fly thoracic muscle. The parasite, Loa boa, migrates to subcutaneous tissues 
and the microfilariae are released from the bloodstream by the deer fly vector piercing 
the skin. The microfilariae develop within the fat bodies of the fly and migrate to the 
mouthparts. By day, the microfilariae reside in the definitive hosts peripheral blood and 
at night are found (carried by the blood stream) in the lungs. The Loa ba lineage is 
shown inside the Onchocerca lineage but basal to the rest (see fig. 10.4). In the next 
lineage, Dirofilaria filariform L3 larvae migrate and develop within the mosquito 
malphigian tubules. The larvae then migrate through the thorax to the mouthparts of the 
mosquito and are deposited on the host skin during a blood meal. After about five 
months the nematodes mature in the right ventricle and pulmonary arteries of the host. 
Finally, Brugia and Wuchereria are grouped with significant support and their 
migration patterns are very similar. Development is within the thoracic muscle of the 
mosquito and extensive tissue migration occurs within the definitive host. Infective L3 
larvae migrate via the lymphatic system to regional lymph nodes and mature to adults. 
Li microfilariae are then released into the circulation. A marked circadian periodicity 
occurs however and during periods when the vector is not feeding, the Li parasites 
reside in deep tissues such as pulmonary capillaries. The periodicities of Loa ba and 
of Brugia and Wuchereria are thus determined by the feeding patterns of the vector. 
Filaroidea parasites are also hosts 
Members of Onchocercidae display a trait highly characteristic of the group: the 
presence of wolbachia-like bacterial endosymbionts (Bandi, Anderson et al. 1998). The 
phylogeny of the endosymbionts is proposed to match that of the host (Bandi, 
Anderson et al. 1998) based on host phylogeny inferred from 5S sequence data (Me, 
Bain et al. 1994). This view is not supported here. Filarial wolbachiae are shown to 
form two distinct monophyletic groups and these groups are distinct from, and more 
genetically divergent than two other arthropod wolbachiae groups. One filarial 
Wolbachia group associates with Dirofilaria and Onchocerca, and the other with 
Brugia, Wuchereria, and Litomosoides (Bandi, Anderson et al. 1998). By the analysis 
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here, Litomosoides and Brugia hosts are the most distantly related members of the 
family. In addition, Litomosoides and Acanthocheilonema are grouped together at the 
base of the family with significant support. Acanthocheilonema does not have 
Wolbachia, which suggests that in this taxon they have been secondarily lost and thus a 
close coevolutionary association cannot be substantiated. A close phylogenetic 
association between arthropods and their wolbachiae is not evident, suggesting that 
horizontal transfer may be the primary mechanism for inter-genic dispersal of 
Wolbachia. It is likely, given the genetic disparity of filarial wolbachiae compared to 
arthropod wolbachiae, that the latter hosts have aquired their endosymbionts from the 
former. 
Ascaridoidea: bridging the aquatic-terrestrial gap 
Ascaridida form a strongly supported monophyletic group in all analyses. Tree 
topology within the order is in broad agreement with previous analysis which combined 
rDNA sequence data with morphological characters (Nadler and Hudspeth 1998). 
Three families (Fagerhoim 199 1) are recognised and supported: Raphidascarididae, 
Anisakidae, and Ascarididae and these are rooted by a polytomy of Cruzia 
(Cosmocercoidea) and Hetererocheilus (Heterocheilidae: Ascaridoidea). These three 
families form a monophyletic group supported with high significance. In a previous 
analysis (Fagerholm 1991) the three families formed a polytomy. There is further 
resolution by this analysis: within Ascaridoidea, a Raphidascarididae lineage roots 
Ascarididae and Anisakidae with significant support (see fig. 10.4). Ascarididae and 
Anisakidae form a monophyly made polytomous by Toxocara, Contracaecum and 
Porrocaecum. Although these three species are supported within an ascaridlanisakid 
lineage their positions cannot be further resolved. That a raphidascarid lineage forms a 
sister group to an ascaridlanisakid lineage has important evolutionary implications. 
Members of Rhaphidascaridae have aquatic life histories employing arthropod 
intermediate hosts and fish as the definitive host. This is clearly ancestral within 
Ascaridoidea, supported by the branching pattern shown here (fig. 10.4). Anisakidae 
also have heteroxenous aquatic lifecycles but the definitive host for Terranova is 
reptilian and for Anisakis and Pseudoterranova aquatic mammals are the definitive 
hosts. It is interesting that within Anisakidae the Terranova lineage is basal to the 
group (see fig. 10.4). Ascarididae are the most derived within the superfamily. 
Members of Ascarididae do not have intermediate hosts and their life histories are 
terrestrial. Infection is by ingestion of eggs by the mammalian host and the eggs are 
highly resistant to environmental stress. Ascaridoidea are shown to be extremely 
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closely related at the genetic level (see figs. 10.1-10.3), particularly within Ascarididae 
in which no branching order can be resolved. This suggests a recent radiation or an 
extremely slow evolutionary rate. Certain ascarids are the largest nematode parasites 
known yet others are comparatively small. The morphological incongruence with 
genetic distance may at first seem surprising but many morphological characters have 
been shown to be apomorphic within Ascaridoidea (Nadler and Hudspeth 1998) further 
emphasising that morphological characters within nematodes can follow the most 
homoplastic scenarios. 
The profit and loss of tissue migration 
It has been proposed that the size of parasitic nematodes is related to the extent of 
tissue migration (Read and Skorping 1995). That ascarids are much larger than close 
relatives and migrate extensively within the host supports this view. Fecundity is 
intimately associated with size and thus tissue migration is selectively maintained. It is 
the reproductive benefits of tissue migration which define this entire Clade III 
assemblage of parasitic nematodes, with one notable exception. Oxyurida are 
represented in this analysis by Dentostomella, a parasite of rodents. This single 
sampling renders precise placing of this order within the group problematic but its 
inclusion within Clade III is unequivocal. By both ecological and morphological 
criteria, Oxyurida are distinct from any other group within the dade. They are 
characterised morphologically by a distinct pharyngeal basal bulb although this is 
dissimilar in appearance to those displayed by other Rhabditia. Oxyurida are 
monoxenous parasites of both arthropods and vertebrates. They do not migrate within 
host tissue and are shown in some cases to be host specific (Sorci, Morand et al. 1997). 
It is surprising that such genetically similar organisms such as Oxyurida and 
Spirurida/Ascaridida can be so different in life history and ecological traits, but the key 
may lie with the oxyurid reproductive strategy. Oxyurida are the only endoparasites 
with a haplodiploid reproductive mechanism. In haplodiploidy, males are haploid and 
develop parthenogenetically, whereas females are diploid, developing from fertilised 
eggs. This may seem like just another reason for the improbability of the phylogenetic 
position for Oxyurida but not if in evolutionary terms the conversion to haplodiploidy 
in an oxyurid lineage resulted in all the other ecological traits. Haplodiploidy is also 
known among rotifers, insects, and acari and has important implications for population 
dynamics (Adamson 1989; Adamson, Buck et al. 1992; Adamson and Noble 1993) 
such as a colonising strategy and low vagility (ability to migrate). Thus haplodiploid 
organisms are divided into small, semi-isolated subpopulations of related individuals. If 
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it can be accepted that the oxyurid haplodiploidy represents a derived characteristic 
(which seems highly probable) then all the other ecological characteristics may be a 
direct result of this single evolutionary event. Oxyurid hosts include amphibians, 
reptiles, birds, and mammals but not fish. Phylogenetic analysis places an oxyurid 
lineage clearly derived from an ancestral position within Clade III and so the lack of a 
fish host suggests a conversion to haplodiploidy after the rise of Amphibia. Insects and 
millipedes (Thelastomatoidea) are also common hosts to oxyurids rather than aquatic 
arthropods, which further lends weight to the proposed timescale for the development 
of haplodiploidy. 
The final order subjected to analysis here is Rhigonematida. These are exclusively 
parasites and associates of terrestrial arthropods but the single sampling of 
Brumptaemilius justini (a parasite of millipedes) cannot definitively place them 
phylogenetically other than an unequivocal position within a spiruro-ascarid radiation. 
A new evolutionary hypothesis 
All previous schema for the evolution and development of the parasitic groups within 
Clade III propose independent origins from terrestrial rhabditid forms (Chitwood and 
Chitwood 1974; Maggenti 1983; Adamson 1986; Malakhov 1994). However, a 
common parasitic origin now seems unequivocal from molecular analysis and an 
alternative hypothesis for an aquatic origin may be proposed. All groups evolved from a 
single aquatic plectid-like ancestor within Monhysterida. The dispute for ecological 
origins arises from the fact that Plectidae are not considered rhabditid, yet Plectidae 
display many rhabditid characteristics (see Ch. 9). An entirely new evolutionary 
scenario may be established. This group represents an 'taxonomic island' likely to 
have arisen from primitive 'Rhabditia' parasitic ancestors within a fresh water 
environment. A characteristic parasitic trait of the group is the propensity for tissue 
migration (excepting Oxyurida) which is likely to be ancestral within the group. Host 
acquisition would be initially determined by the ecological location of the proto 
parasitic gnathostome ancestor. Parasitism perhaps arose simultaneously in arthropods 
and vertebrates (the hosts of all groups represented) with a trend toward vertebrate 
parasitism dictated by the reproductive benefits of tissue migration. Initial arthropod 
hosts were aquatic (copepods) and definitive hosts were aquired by an oral route. 
Parasitism then progressed by two routes. Within an ascaridida lineage the parasites 
retained an aquatic lifecycle developing from aquatic arthropods and acquiring fish 
definitive hosts. With the emergence of Amphibia, Reptilia, and Mammalia a gradual 
progression from aquatic heteroxeny to terrestrial monoxeny was established with the 
gradual diminution of an intermediate aquatic host reservoir. The second route 
establishes Filaroidea (and probably Rhigonematida) and assumes a lineage of 
monoxenous parasites retained in arthropods. The rise ot Diptera allowea me 
exploitation of new mechanisms of secondary host acquisition by cutaneous invasion 
but only though an open wound. Tissue migration increases fecundity and is 
maintained. Rhigonematida are maintained in flightless arthropods. The oxyurid lineage 
may have been the last to become true parasites. Around the time when ascarid 
ancestors are establishing themselves in fish the facultatively-parasitic oxyurid ancestor 
is adapting to a terrestrial existence in association with arthropods. Encountering a 
definitive host however becomes increasingly difficult in the new movement-restricted 
environment and the female, sperm depleted due to lack of available males, converts to a 
haplodiploid reproductive method. The worms (and hosts) become an accidental food 
source for the many emerging terrestrial animals and become established. Isolated 
subpopulations are then maintained due to the constraints of a haplodiploid existence. 
Support for this mechanism of dispersal for oxyurids is supplied by their morphology 
which is more like free-living nematode forms and by pathology as many infections are 
asymptomatic. The lineage of Dentostomella is shown to arise from an ancestral 
position within the dade (see fig. 10.4) but requires confirmation from other oxyurid 
sequence. Phylogenetic resolution within and at the root of this dade is likely to be 
improved with the additional sampling of camallanid parasites (Spirurida) which are 
most common in freshwater fish. 
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11 PHYLOGENETIC STRUCTURE OF RHABDITIA 
Introduction 
Subclass Rhabditia (Pearse 1942) contains most of the important parasites of animals 
and plants as well as an array of predominantly terrestrial free-living forms. The 
phylogenetic relationships between different groups within the subclass are not well 
resolved and the origins of Rhabditia (= Secementea) even less so. Orders commonly 
recognised within Rhabditia are Rhabditida, Tylenchida, Strongylida, Diplogasterida, 
and the members of Clade III (described in Ch. 10). The close association between 
Rhabditia and Chromadoria has already been established and from this work and others 
(Chitwood and Chitwood 1974; Malakhov 1994), origins from within Monhysterida 
seem probable. The parasitic members from Clade III are shown to have a close 
association with Plectidae and Teratocephalidae (see Chs. 9 and 10), both of which are 
suggested to represent intermediate forms linking Chromadoria and Rhabditia 
(Cbitwood and Chitwood 1974; Malalthov 1994; De Ley 1995). Two evolutionary 
branches within Rhabditia have been recognised (Pearse 1942; Skryabin, Shikhobalova 
et al. 1949; Malakhov 1994), a rhabdito-strongylid branch and a spiruro-ascarid 
branch. As previously suggested (see Ch. 10) Members of Clade III do not appear to 
have derived from terrestrial forms which casts doubt on their inclusion within a 
terrestrially derived radiation. The order Rhabditida contains the suborders Cephalobina 
and Rhabditina (Chitwood and Chitwood 1974; Andrássy 1976). It has been proposed 
that Cephalobina arose from within Teratocephalidae and gave rise to Rhabditina (Dc 
Ley 1995) but from previous molecular analysis (Blaxter, De Ley et al. 1998) a 
secementean polytomy is evident, comprised of three groups, Clades III, IV, and V (see 
fig. 1.4) plus Plectidae. The basic phylogenetic structure of Rhabditia must be 
elucidated before establishing any connections therein. 
Methods 
Taxa were selected for inclusion to represent all the major groups proposed to be 
Rhabditia. All potential members could not be included due to computational 
restrictions. Phylogenetic and evolutionary relationships, involving all available taxa, 
will be discussed in subsequent chapters. The following groups of taxa were chosen to 
represent and determine the phylogenetic structure of Rhabditia: 3 Plectidae, 1 
Teratocephalidae, 5 taxa from Clade III, 2 Cephalobidae, 5 Tylenchida, 3 
Panagrolaimidae, 2 Steinernematidae, 3 Strongyloididae, 1 Alloionematidae, 3 
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Diplogasterida, 9 Rhabditoidea (7 Rhabditidae, 1 Heterorhabditidae, and 1 
Diploscapteridae) and 4 Strongylida. Three Monhysterida were used as an outgroup. 
The dataset is comprised of 43 taxa. Initial trees for analysis were constructed by 
Maximum Parsimony (MP), and Neighbour Joining (NJ) with minimum evolution 
criteria and default Maximum Likelihood parameters for distance correction. Of the 
three most parsimonious reconstructions, the most likely was compared against the NJ 
tree. The tree with the best likelihood score was used to estimate ML parameters under 
the GTR model of nucleotide substitution. These parameters were fixed and an ML tree 
was generated using ML heuristic search with the previous best tree as a starting tree. 
The ML tree was compared against the starting tree. Branching patterns were evaluated 
by bootstrap replication by MP, and NJ, with both default and applied ML distance 
correction. 
Results 
Trees generated by MP and NJ methods are shown, with bootstrap evaluation, in 
figures 11.1 and 11.2 respectively. By MP analysis (fig. 11.1) Rhabditia is shown to be 
rooted by a Teratocephalidae lineage with support at the level of significance (65%). 
Teratocephalus is shown, in turn, to be rooted by a Plectidae lineage but with bootstrap 
under the level of significance (63%). Within Rhabditia,, a monophyly of terrestrial 
forms (Rhabditida, Tylenchida, and Strongylida) is supported by 82% of bootstrap 
replicates, which approaches high significance. This monophyly is rooted by the Clade 
III lineage. Three groups form a polytomy within the terrestrial dade: a group 
comprised of Cephalobidae and Tylenchida with 86% support, a group comprised of 
Rhabditoidea, Diplogasterida, and Strongylida with 88% support, and a group 
comprised of Strongyloididae, Steinernematidae, Alloionematidae (collectively 
classified as Strongyloidoidea (De Ley 1995)), and Panagrolaimidae all supported with 
high significance as families but with borderline significance as a monophyletic group. 
Within the cephalobid/tylenchid monophyly all bifurcations are supported with high 
significance and Cephalobidae and Tylenchida form well supported sister groups. 
Within the third monophyly, a diplogasterid lineage is well supported and is shown 
basal to the group but with no significant support. A grouping of Rhabditoidea and 
Strongylida receives maximum support with Teratorhabditis as a sister taxon. 
Resolution within this group is low with significant support evident only for 
Strongylida, well supported with Heterorhabditis as a sister taxon. The positions of the 
remaining Rhabditoidea are not resolved with any support. 
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Phylogram produced from MP analysis. This is the most likely of three shortest trees. 
Numbers refer to bootstrap evaluation of the adjacent branch. Significant support is 
indicated in red. Individual groups are labelled and indicated by coloured band. A 
monophyly of predominantly terrestrial nematodes is rooted by Clade III with 82% 
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Phylogram produced by NJ analysis with minimum evolution criteria and default 
maximum likelihood parameters for distance correction. A monophyly of Rhabditia is 
indicated which contradicts all current evidence, but fundamental branching orders 
within the monophyly are not supported. Refer to text for details. 
The three terrestrial groups evident by MP analysis are also shown by NJ analysis 
(fig. 11.2) and topology and support within these groups is broadly similar in both 
analyses. There are key differences however at fundamental phylogenetic levels. NJ 
infers a monophyly of Strongyloidoidea and Panagrolaimidae with the 
RhabditoidealDiplogasterida!StrOflgylida group but this is not supported to a 
significant level (61%). Another major difference by NJ analysis concerns the 
phylogenetic positions of Clade III, Plectidae, and Teratocephalus which are shown 
with maximum support as a monophyletic group comprised of Clade III as a sister 
group to Plectidae and Teratocephalus. Both sister groups within this monophyly are 
independently well supported (see fig. 11.2). In addition, Clade III is not supported as 
an ancestral lineage of the terrestrial groups by NJ analysis. 
MP and NJ trees were statistically compared by MP and ML pairwise tests to establish 
a starting tree for ML analysis. The results are shown below. 
Maximum Parsimony Pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length diff 
MP 	5725 	(best) 
NJ 5777 52 
s.d.(diff) 	t 
17.86065 2.9114 	0.0036* 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test). Asterisked value in table 
indicates significant difference at P <0.05. 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
----------Templeton ---------- -- Winning-sites -- 
Tree 	Length Rank sums* N z 	P** counts 	p** 
MP 	5725 (best) 
NJ 5777 20098.0 	260 -2.8781 0.0040* 	156 0.0016* 
	
-13832.0 -104 
* Wilcoxon signed-ranks test statistic is the smaller of the absolute values of the two 
rank sums. ** Approximate probability of getting a more extreme test statistic under the null 
hypothesis of no difference between the two trees (two-tailed test). Asterisked 
value in table indicates significant difference at P <0.05. 
Maximum Likelihood Pairwise test 
Kishino-Hasegawa test 
Tree 	-In L 	Diff-In L 	s.d.(diff) 	T 
MP 28357.69844 	(best) 
NJ 	28452.59928 94.90084 	30.35023 3.1269 0.0018 ** 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test) 
** Significant at P <0.05 
The NJ tree is significantly worse than the MP tree by all statistical analyses. Again the 
difference shown by ML test is surprising. This dataset is comprised of 43 taxa which 
represent a broad sampling of nematodes. The sequences sampled show a large 
divergence and homoplasy is high (60%, CI= 0.4) It is likely that both NJ and MP 
methods will be adversely affected but it appears that NJ, more so. The MP tree was 
chosen as as the starting tree for ML analysis. The GTR substitution model was chosen 
and rate heterogeneity parameters estimated and fixed for ML heuristic search. The 
resulting ML tree is shown in figure 11.3. This tree was statistically compared to the 
starting tree with results as follows. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length Length diff s.d.(diff) 	t 
MP 	5725 	(best) 
ML 5784 59 	14.47869 4.0750<0.0001* 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
-------Templeton ------------ Winning-sites --
Tree 	Length Rank sums* N z 	P** counts 	P 
MP 	5725 (best) 
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Phylogram produced by Maximum Likelihood heuristic search using the tree in fig. 11.1 
as a starting tree and from which to estimate ML parameters for rate heterogeneity based 
on the GTR model for nucleotide substitution. The lineages of both Steinernematidae 
(Strongyloidoidea) and Teratorhabditis (Rhabditoidea) have been moved basal to their 
respective groups compared to the previous trees. Otherwise the topology is the same as 
in fig. 11.1. 









29.37464 	18.60886 1.5785 0.1146 
ML 27052.07957 (best) 
ML has found a tree 30 times more likely than the MP tree used to start the search. The 
most interesting aspect of the statistical comparison of the two trees is that the ML tree 
is shown to be worse with high significance by MP testing. This is because by finding 
a more likely tree ML has added 59 steps to the analysis. ML has taken into account 
the homoplasy evident in the data. Half of the sites in the data set are constant yet only 
35 % are estimated to be actually invariable by ML. The incorporation of a proportion 
of invariable sites, estimated by ML, was assessed against a model of rate heterogeneity 
across all sites and was found to be significantly better by likelihood ratio test (P = 
0.03). When considering parsimonious reconstructions it should be borne in mind that 
the shortest tree will always be the best supported by MP statistical tests but the tree 
length will be underestimated if there is homoplasy in the data; the more homoplasy, the 
greater the underestimation. The dataset in Ch. 10 was low in homoplasy (20%) and 
ML could not find a more likely tree than the one given. The difference from this 
dataset is evident. By ML analysis (fig. 11.3), tree topology with regard to the 
phylogenetic positions of Plectidae, Teratocephalus, and Clade III, is similar to the MP 
tree (fig. 11.1). The division of the terrestrial nematodes into two groups is also shared 
by MP and ML analysis although topology differs within the two groups. 
Strongyloidoidea is paraphyletic as Steinernematidae are shown basal to Clade N 
whereas Teratorhabditis is shown basal to Clade V. Neither of these positions is 
supported by bootstrap. Also evident from ML analysis (fig. 11.3) is the divergence 
shown by the Strongyloididae lineage. Statistical evaluation of the branching patterns of 
the ML tree was provided by NJ bootstrap with minimum evolution criteria and 
employing the ML parameters used to generate the tree. This is shown in the cladogram - - - - - 
in figure 11.4, which shows the monophyly of terrestrial nematodes is supported by 
94% of bootsrap replicates with Clade III plus Teratocephalus as a sister group. The 
Plectidae lineage is shown basal within Rhabditia but this is not supported. A 
monophyly of Rhabditoidea, Strongylida, and Diplogasterida is supported with high 
significance and the levels of support within this monophly are in broad agreement with 
the other analyses. Support for Teratorhabditis as a distinct sister taxon to Rhabditidae 
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Figure 11.4 
Cladogram showing bootstrap evaluation by NJ (200 replicates) with minimum 
evolution criteria and ML parameters as estimated for ML analysis (fig, 11.3). As with 
MP analysis (fig. 11.1) a monophyly of predominantly terrestrial forms is evident with 
high significant support. The positions of Teratorhabditis and Steinernematidae have 
been 'returned' as in MP and NJ topologies (figs. 11.1 and 11.2). The positions of 
Plectidae, Teratocephalus and Clade III are ambiguous relative to each other. 
Strongyloidoidea, Panagrolaimidae, Cephalobidae, and Tylenchida is not well supported 
although each of these groups is well supported individually. 
Discussion 
A tentative framework 
By both ML and NJ analysis, Clade III is significantly supported as a sister group to 
the terrestrial nematodes. The position of Clade III as a sister lineage to terrestrial 
forms is unequivocal. Anything other than the terrestrial monophyly is firmly rejected 
by likelihood ratio test (P = << 0.001) and is significantly worse by Kishino-Hasegawa 
pairwise test (P < 0.05). A close relationship is shown between Clade III, 
Teratocephalus, and Plectidae but the phylogenetic positions of all three in relation to 
each other cannot be unequivocally resolved and probably requires sampling of further 
teratocephalids for a definitive phylogeny. The morphological similarity between 
Teratocephalus and members of Plectidae has already been described (Ch. 9) and they 
are clearly closely related. A Teratocephalus-Plectidae monophyly however is rejected 
by likelihood ratio test as is either with Clade III suggesting that Teratocephalidae and 
Plectidae may be extant members of a much larger group of aquatic free-living 
nematodes derived from monhysterid origins. Evolution of terrestrial nematodes 
follows two, or perhaps three lines. One lineage is unequivocal and gives rise to 
Diplogasterida and Rhabditoidea. Strongylida arise from within Rhabditoidea. The 
other lineage is not well supported and corresponds to Clade IV (see fig. 1.4) of a 
previous analysis (Blaxter, De Ley et al. 1998). Two groups are well supported 
however within this lineage. The first combines Strongyloidoidea with Panagrolaimidae 
and the second, Cephalobidae with Tylenchida. These correspond to Clades IVa and 
IVb previously described. Homoplasy is high within this dataset and phylogenetic 
positions within the terrestrial groups must be regarded as tentative at this stage in the 
absence of additional available taxa. However, a framework for study into the 
phylogenetics and evolution of terrestrial nematodes is now in place. 
12 PHYLOGENETIC ANALYSIS OF A RHABDITID-DIPLOGASTERID-
STRONGYLID RADIATION (CLADE V) 
Introduction 
If there is agreement in terms of morphology and ecology within this dade, it is in the 
level of parallelism, convergence and reversal of many characters(Durette-Desset, 
Beveridge et al. 1994; Dc Ley 1995; Fitch and Emmons 1995; Fitch 1997). That more 
is known of Caenorhabditis elegans than any other organism, yet its phylogenetic 
position is less than definitive, shows the scale of the problem. Molecular analysis 
would appear to concur (Blaxter, De Ley et al. 1998) (see Ch. 11) showing that both 
Diplogasterida and Strongylida have independent origins within Rhabditoidea. The 
presence of a copulatory bursa in males is diagnostic of the group as a whole but male 
tail forms are diverse and inconsistent (Fitch and Emmons 1995). Knowledge of C. 
elegans developmental mechanisms is being used to address such issues. By relating 
studies of developmental mutants in C. elegans to morphological evolution and 
assessing these changes in relation to molecular phylogeny, evolutionary patterns in 
mail tail morphology can be inferred (Fitch 1997). Members of Strongylida infect 
amphibians, reptiles, birds, and mammals. They can show characteristics of host 
specificity, lateral transfer, monoxeneity, heteroxeneity, cutaneous and/or oral 
transmission. Strongylida are undersampled here but are represented by five 
superfamilies (Durette-Desset, Beveridge et al. 1994), Trichostrongyloidea, 
Molineoidea, Heligmosomoidea, Strongyloidea, and Metastrongyloidea. These 
superfamilies were erected (Durette-Desset, Ben Sliman et al. 1994) to account for the 
many different morphologies and ecological trophisms. However, the extensive array of 
morphological, and ecological forms within Strongylida and between Strongylida and 
Rhabditidae is not reflected in genetic divergence (Blaxter, De Ley et al. 1998). 
Methods 
Taxa were sampled according to molecular identity as a distinct dade by NJ analysis on 
LogDet transformed data comprising all available taxa (see Table 3). Monophyly of the 
dade is supported by 100% bootstrap replicates (data not shown). Thirty-one taxa were 
included on this basis. The classification system for Strongylida is based on Durette-
Desset et a! (Durette-Desset, Ben Sliman et al. 1994) and for Rhabditina on Sudhaus 
(Sudhaus 1976) with modifications (Andrássy 1976; De Ley 1995). Three members of 
Clade III, as the closest sister group to the terrestrial radiation, were used for outgroup 
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comparison. Thus the dataset is comprised of 34 taxa. All other taxa were excluded 
from the analysis. Phylogeny was initially inferred by Maximum Parsimony (MP) 
using ten replicates and saving ten trees each replicate, and by Neighbour Joining (NJ) 
employing minimum evolution criteria on LogDet transformed data. MP analysis 
produced three most parsimonious reconstructions. The most likely of these was 
statistically compared with the NJ tree to provide the best starting tree for Maximum 
Likelihood (ML) analysis. Parameters for rate heterogeneity, incorporating a proportion 
of invariable sites, were estimated by ML based on the chosen starting tree. These were 
then fixed for ML heuristic search with GTR model of nucleotide substitution. The 
resulting ML tree was statistically compared to the starting tree. Support for branching 
order was assessed by the bootstrap replication procedure (200 replications) under MP, 
and NJ with minimum evolution criteria. Support for Ml branching order was assessed 
by NJ bootstrap with distance correction supplied by ML nucleotide evolution 
parameters based on the ML tree. 
Results 
MP and NJ analyses resulted in the trees shown in figures 12.1 and 12.2 respectively. 
By MP analysis (fig. 12. 1), Rhabditoides and Cuticularia spp. are shown basal to the 
dade but with no significant support. Mesorhabditis and Teratorhabditis are 
significantly grouped together and form a monophyly with Bunonema with support 
approaching significance (65%). Diplogasterida form a monophyly with maximum 
support and are shown to arise from within Rhabditidae although no branching order, 
which effects this position, is supported. Maximum support is given for a monophyly 
comprised of Rhabditinae (except Cuticularia), Diploscapteridae, Peloderinae, 
Cruznema spp. (Mesorhabditinae), and Strongylida. Within this monophyly, 
Diploscapter spp. group with Caenorhabditis with 77% support, and Oscheius sp. 
(strain CEW 1) groups with Pellioditis with 100% support. A subsequent monophyly 
commands 100% support for Heterorhabditis as a sister taxon to a maximally 
supported Strongylida dade. Within Strongylida, only Haemonchinae (Haemonchus - 
spp.) and Metastrongyloidea (Otostrongylus and Parafilaroides spp.) are supported, 
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Figure 12.1 
Maximum Parsimony phylogram. This is the most likely of three most parsimonious 
reconstructions. Numbers refer to bootstrap values (200 replications) generated by MP 
and indicate level of support for the adjacent branch. Rhabditina are labelled at the 
family level and indicated by coloured band, as are the orders Diplogasterida and 
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Figure 12.2 
Phylogram produced by Neighbour Joining analysis employing minimum evolution 
criteria on LogDet transformed data. Bootstrap values were generated by the same 
method. Labels as before. All bootstrap support for this tree is at the significant level, 
which may indicate an element of long-branch attraction despite the method of distance 
correction. See text for details. 
By NJ analysis (fig. 12.2), Rhabditoides and Cuticularia spp. are again shown as 
stepwise basal taxa but receive significant support for these positions. The 
Mesorhabditis-Teratorhabditis-Bunonema monophyly shown by MP analysis is 
supported significantly by NJ analysis and the group is shown to form a significantly 
supported monophyly with Diplogasterida. NJ support for the remaining branching 
patterns is similar to that by MP analysis. Exceptions include the lack of support for a 
Caenorhabditis-Diploscapter dade and the Oscheius sp. CEW1 is significantly 
grouped with Rhabditis and Oscheius rather than with Pellioditis. A new monophyly is 
supported (72%), by NJ analysis, comprising Rhabditis spp. Pellioditis, Oscheius sp. 
CEW1, Oschius, Rhabditella and the subsequent Heterorhabditis-Strongylida dade as 
before. Trees are clearly dissimilar by MP and NJ analysis. The two trees were 
statistically assessed for subsequent Maximum Likelihood analysis. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length diff s.d.(diff) 	t 	P * 
MP 	3554 	(best) 
NJ 3582 28 	14.06254 1.9911 	0.0466* 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test). Asterisked value in table 
indicates significant difference at P < 0.05. 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
----------Templeton ---------- -- Winning-sites --
Tree 	Length Rank sums* N z 	P** counts 	P 
MP 	3554 	(best) 
NJ 3582 8788.5 	174 -1.9950 0.0460* 99 	0.0812 
-6436.5 -75 
* Wilcoxon signed-ranks test statistic is the smaller of the absolute values of the two 
rank sums. 	 - - - - 
** Approximate probability of getting a more extreme test statistic under the null 
hypothesis of no difference between the two trees (two-tailed test). 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree 	-in L 	Duff-in L 	s.d.(diff) 	T 	P 
MP 	19607.05982 	(best) 
NJ 19659.37057 52.31075 	31.83689 1.6431 0.1005 
The two trees are shown to be barely statistically different by Kishino-Hasegawa and 
Templeton pairwise parsimony tests and not statistically different by ML test. 
Homoplasy is just under 50% for the data illustrating that topology can differ in two 
trees that can still be statistically similar. Since just over 50% of sites are constant, the 
level of homoplasy suggests that each variable site changes on average four times. The 
MP tree was chosen as the starting tree for ML analysis. ML parameters for rate 
heterogeneity incorporating a proportion of invariable sites were estimates based on the 
starting tree. These values were fixed for ML heuristic search employing the GTR 
model for nucleotide substitution and using the MP tree as a starting tree. The resulting 
tree representing the most likely topology and rates of phylesis is shown in figure 12.3. 
This tree was statistically compared to the starting tree (fig 12.1). 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length diff 	s.d.(diff) 	t 	P * 
MP 	3554 	(best) 
ML 3575 21 	12.28327 1.7096 0.0875 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
----------Templeton ---------- -- Winning-sites --
Tree 	Length Rank sums* N z 	P** counts 	P 
MP 	3554 (best) 
ML 3575 	5582.0 	139 -1.7141 0.0865 	78 	0.1747 
	
-4148.0 -61 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree -in L Diff -in L 
MP 	17903.99487 	21.11419 
ML 17882.88068 (best) 
s.d.(diff) 	T 	P * 
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Figure 12.3 
Phylogram based on Maximum Likelihood analysis using the tree in fig. 12.2 as a 
starting tree. ML parameters for rate heterogeneity incorporated a proportion of 
invariable sites were estimated, and fixed for ML heuristic search. The phylogenetic 
position of Cuticularia sp. has changed from the previous trees, now forming a sister 
group to the monophyly boxed in red. The monophyly, and this position of Cuticularia 
are supported by other evidence. See text for details. 
The ML and MP trees are not shown to be statistically different although with ML 
pairwise test the difference approaches significance (P=0.06). From ML analysis (fig. 
12.3) long branches are evident for Pellioditis, Bunonema, and Diploscapter spp. The 
position of Bunonema with respect to Mesorhabditis and Teratorhabditis, however, is 
consistent in all methods with a monophyly of these three taxa receiving significant 
support. Similarly Diploscapter spp. are associated with Caenorhabditis with 
significant support in all methods. The position of Pellioditis varies depending on the 
method of analysis but appears to be associated with Rhabditella although this is not 
significantly supported. Much of the observed differences in topology may be due to 
the long-branch effects of Pellioditis. The most obvious difference in topology of the 
ML tree (fig. 12.3) and the other two trees is the position of Cuticularia. Whereas the 
positions of many taxa, primarily Rhabditinae, appear to vary, Cuticularia is shown 
basal to the group (but inside Rhabditoides) in both MP and NJ analysis, with 
significant support in the latter case. By ML analysis however, Cuticularia is a sister 
taxon to the large rhabditine-strongylid monophyly. Statistical support for the branches 
in the ML tree is supplied by NJ, employing minimum evolution criteria and ML 
parameters, estimated on the ML tree, for distance correction. The resulting cladogram 
is shown in Figure 12.4. The position of Cuticularia by ML analysis is significantly 
supported (76%). This has interesting implications, as NJ bootstrap with LogDet 
distance correction and with ML distance correction support two different positions of 
the taxa. That the topology of the ML tree (fig. 12.3) can be supported by NJ bootstrap 
(fig. 12.4) indicates that under certain circumstances, NJ can approximate ML analysis 
given the correct model. This also shows that bootstrap support can be obtained for an 
ML tree (ML bootstrap is computationally unfeasible). The position of Cuticularia in 
the ML tree was tested by likelihood ratio test. The position of Cuticularia was moved 
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Cladogram showing levels of support based on NJ bootstrap as with fig.12.2 but with 
ML parameters estimated from the most likely tree (fig. 12.3) for distance correction. 
Branches showing significant values of support (in red) are unequivocal (see text). 
Discussion 
1 purapin let/c radiation 
[he SSL rD\A gene was first used in nematodes to infer phylogeny within 
Rhabditidae (Fitch, Bugaj-gaweda et al. 1995). Then, as now, positions for many taxa, 
primarily within Rhabditinae, cannot be unambiguously determined. By all analyses, 
Rhabditina, Rhabditidae, Rhabditinae, Mesorhabditinae, Diploscapteridae, and 
Trichostrongyloidea are all shown to be paraphyletic. Both Strongylida and 
Diplogasterida are shown to arise from within Rhabditidae. By all analyses 
Rhabditoides is confirmed at the base of the tree as a sister taxon to the rest. This 
position has some morphological support: a swollen metacorpus without valves and 
rudimentary leptoderan bursa, thought to be ancestral (Fitch 1997) within the group 
(although often lost and regained). It has been proposed that Diplogasterida have 
evolved from a rhabditoid lineage, based on previous molecular analysis (Fitch 1997). 
In addition, a high degree of similarity is evident between Rhabditoides and 
Diplogasterida, in reduction of bursa velum and threadlike tail (Sudhaus 1976). 
Additional taxa are shown to associate with Diplogasterida in this analysis. A well 
supported monophyly of Mesorhabditis, Teratorhabditis, and Bunonema is shown to 
form a monophly with Diplogasterida in both ML (fig,. 12.3) and NJ (fig. 12.2) 
analysis with significant support in the latter. This grouping would at first seem to have 
little in the way of morphological recommendation but monodelphy is common in all 
members (except Bunonerna). However number of gonads is highly homoplastic for 
reasons previously described. In all members the bursa is rudimentary or absent (or 
asymmetrical in Bunonema), although tail tip can vary in shape. The metacorpi of 
Teratorhabditis and Mesorhabditis can be swollen but median valves are rare in 
comparison with diplogasterids, in which the median but not basal bulbs commonly 
display valves. The key factors, which may unite the group however may be ecological 
rather than morphological. Mesorhabditis and Teratorhabditis are found in respective 
association with beetles and weevils. Diplogasterids are trophically diverse and include 
many predatory or omnivorous species, but also many insect associates including true 
insect parasites. Bunonema has an altogether different invertebrate association: 
asymmetrical round cuticular platelets which may act as defence against attack from 
mites (Sachs 1949). This may be an association with arthropods but is certainly not 
mutualistic. Relationships within this group are tentative at best and may be resolved 
by the phylogenetic analysis of Diplogasterida, which is the subject of the next chapter. 
An early divergence of a teratorhabditid lineage is supported by combined molecular 
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and ontogenetic evidence (Fitch 1997) as is the topology of the ML tree with respect to 
Caenorhabditis, Pellioditis, Rhabditella axei, and Rhabditis spp. blumi and myriophila. 
Although the positions of these taxa are not supported (with the exception of 
Caenorhabditis) in this analysis, the ontogenetic evidence is derived from the 
developmental processes of C. elegans, which are known in exquisite detail thus 
validating the accuracy of Maximum Likelihood analysis. That said, the position of 
Cuticularia as a well-supported sister taxon to a large rhabditine-strongylid monophyly 
may be considered unequivocal especially since the taxa was actually relocated some 
distance by ML analysis and the new position confirmed by likelihood ratio test. 
C. clegans and close relatives: a blueprint/or parasitism 
A large monophyly is 100% supported in all analyses. This is comprised of 
Caenorhabditis, Diploscapter, Cruznema, Oscheius, Rhabditis, Rhabditella, 
Heterorhabditis, and Strongylida. This monophyly is additionally supported by a 
putative secondary structure element in which a nucleotide pair is missing within 
hairpin 17 of the SSU rRNA secondary structure (Aleshin, Kedrova et al. 1998). This 
putative synapomorphy was examined with respect to all the taxa in this dataset. An 
alignment based on Aleshin et al (1998) of hairpin 17 is shown in figure 12.5. The 
addition of further taxa to the previous analysis confirms the findings. In addition, the 
position of Cuticularia, by MP and NJ analysis (figs. 12.1, 12.2) as a basal lineage 
with respect to Diplogasterida, can be rejected due to the high sequence identity (see 
fig. 12.5) shown within hairpin 17 between Diplogasterida and Rhabditis inermformes, 
a taxon which is basal to the entire group. Although the inclusion of all taxa within the 
monophyly is unequivocal, phylogenetic resolution between the taxa is low. Of the 
genera represented by more than one species (Caenorhabditis, Diploscapter, 
Cruznema, and Rhabditis) Rhabditis are paraphyletic, further illustrating the 
inconsistencies of the morphological characters used to establish relationships within 
Rhabditina. Consistent support is evident for a grouping of Caenorhabditis with 
Diploscapter. There are no real morphological correlations for this grouping. The 
glottoid apparatus (a combination of metastom and telostom at the base of the stoma) of 
Caenorhabditis differs from other rhabditids in the presence of three triangular flaps 
rather than denticles. Diploscapter spp. have a greatly reduced glottoid apparatus 
suggesting perhaps that reduction of glottoid sclerotisation is characteristic of this 
lineage. As with other morphological characters however, the glottoid apparatus is 
highly homoplastic and its morphology may depend on individual feeding habits 
(Sudhaus 1976). A characteristic common to all members of the strongylid-rhabditine 
Haemonchus contortus AAAA_GACCAUUC_CUAOUGGAACGGUCAUUUC 
Haemonchus placei AAAA_GACCAUUC_CUAOUGGAACGGUCAUUUC 
Haemonchus sjinilis AAAAGACCAUUC_CUAOUG-GAACGGUCAUUUC 
Nematodirus battus AA.AA_GACCAUUC_CUAOUGGAACGGUCAUUUC 
Ostertagia ostertagi AAAA_GACCAUUC_CUAOUG-.GAACGGUCAUUUC 
Nippostrongylus bras iliensiS AGAA_GACCAUUC_CUAOUG-GAACGGUCAUUCC 
Syngamus trachea AAAA_GACCGUUC_CUAOUG-GAACGGUCAUUUC 
otostrongylus sp. AAAA_GACCAUUC_CUAOUG-GAACGGUUAUUUC 
Parafilaroides sp. AAAA_GACCAUUC_CUAOUG-GAACGGUUAUUUC 
Heterorhabditis bacteriophora AAAA-GACCAUUC-CUAOUG -GAACGGUUAUUUC iI  
Rhabditella axei AAGA_GACCAAUç_CUUOUG-GAUUGGUUAUUUC 
Rhabditis myriophila AAAA_GACCAAUcHCUCACG-GAUCGGUUAUUUC 
AAAA_GACCAAUC_CUCACG-GAUCGGUUAUtJUC Oscheius myriophila 
Rhabditis blumi AAAA_GACCAGUçCUCOUG-GAUUGGUTJAUtJUC 
Pel lioditis typica ACUAUUAACUGACU-UUU0CA-AGUUAGUUAUGGU 
10scheus sp. CEW1 AAAA_GUCCAAUç-CUAACG-GAUCGGAUAUuUC 
Diploscapter sp. PS2 017 UAA_AUCCCUCcHCUCAUG-GAGGGAUAUUUA 
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Caenorhabditis remanei UAA_GACUCAUç-CUUUUG-GAUGAGUUAUUUC 1 
Caenorhabditis elegans UAAA_GACUCAUCUUUtJG-AUGAGU1JAUUUC 
Caenorhabditis briggsae UAAA_GACUCAUç-CUUUUG-GAUGAGUTJAUUUC 





















Alignment showing the putative synapomorphy of absence of a nucleotide pair, 
highlighted in yellow. This supports a monophly of Strongylida (in grey) with a part of 
Rhabditida (in blue). This monophyly commands 100% bootstrap support in all 
analyses. The position of a Cuticularia lineage basal to Diplogasterida suggested by MP 
and NJ analysis can be rejected due to the conservation of sequence between 
Rhabditoides, which is basal within the entire group, and Diplogasterida (in green), 
particularly within the variable loop region (between the two lines). '0'S are added to 
account for differences in loop length. Teratorhabditis has lost one of the nucleotide 
pair. 
monophyly is an association with invertebrates. Rhabditis spp. are found in dung and 
dead invertebrates and some invade the body cavity of earthworms and remain inactive 
until the natural death of the host (De Ley 1995). Rhabditella are also found in soil and 
dung but have been discovered in dead moth larvae (Sudhaus 1976). Pellioditis is 
usually found in soil and compost but can be a facultative endoparasite of earthworms 
and snails (De Ley 1995). Caenorhabditis can also be found in association with snails, 
but is also found in carrion and has been discovered in the gut of a thrush (Sudhaus 
1976). Oscheius is a facultative endoparasite of lucanid beetles; the dauer larvae invade 
the body cavity of grubs, develop and reproduce and new dauer larvae leave the adult 
beetle (De Ley 1995). Cruznema exploit a variety of ecological niches such as soil, 
plant litter, dung, carrion, rotting wood, but are also found in the gut of millipedes (Dc 
Ley 1995). Diploscapter spp. are usually considered free-living but one species is 
found in association with ants (De Ley 1995). Another diploscapterid, 
Parasitorhabditis (not sampled here) has a close association with wood boring beetles 
and their larvae; dauers have been found in the gut and malphigian tubules (De Ley 
1995). The remaining members of the monophyly are grouped together with 100% 
support in all analyses; Heterorhabditis and Strongylida, both of which apparently 
arose from a single lineage within the extended pseudoparasitic monophyly. 
The application of rhabditid strategies 
Heterorhabditis spp. are not true parasites. Infective L3 larvae have a non-functional 
stoma and anus and contain Photorhabdus luminescens bacteria in the anterior of their 
intestine. When in contact with burrowing insect grubs they enter the host via 
respiratory or alimentary openings or by puncture of the host cuticle via an external 
tooth. When the L3 larvae start feeding on the host haemolymph, the endosymbiotic 
bacteria are released from the anus. The bacteria proliferate and kill the host within a 
few days providing the right nutrient habitat for the completion of the nematodes' 
development. The first generation within the host is hermaphroditic and the subsequent 
generation comprises both sexes, which reproduce to give a third generation by which 
time the nutrients have been depleted. This last generation develop into infective L3 
larvae and resume the cycle in the next available host. The life-history of 
Hererorhabditis, over three generations and within a few days exemplifies the strategies 
adapted by rhabditid nematodes in response to the environment. Developmental arrest 
in dauer stage allows survival when nutrient availability is low; when nutrients become 
available but sexual partners are scarce, hermaphrodites develop and produce both 
sexes which can exploit the nutrient availability and reproduce by standard sexual 
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means thus increasing variation br subsequent adaptation. Ihe lact that the host is 
killed has no relationship to the development of these traits, which were adapted before 
the nematode exploited this particular ecological niche. It is likely that Heterorhabditis 
evolved from from beach-inhabiting rhabditids (Poinar 1993). Pellioditis spp. for 
example are associated both with invertebrates and with Photorhabdus-like bacteria 
(Poinar 1993) and Heterorhabditis occurs naturally in sandy soils near or on coasts 
(De Ley 1995). 
Strongvlid divergence: an inverse relationship between genes and morphology 
Strongylida are an extremely diverse and successful group of parasites. Genetic 
divergence is so low however, within the SSU rDNA gene that phylogeny inference 
within this order is impossible using this dataset. That five proposed superfamilies 
(Durette-Desset, Beveridge et al. 1994) are so genetically similar has worrying 
implications for the existing classification of Strongylida. Classification is based 
mainly on number and shape of ovaries, and morphology of the buccal capsule, 
cephalic structures and bursa. All of these have been shown to be uninformative for 
phylogeny within Rhabditidae. Since Strongylida are derived from rhabditid ancestors 
who are eight times as genetically divergent as tetrapod classes (Fitch, Bugaj-gaweda et 
al. 1995) yet share many homoplastic features it is not unreasonable to suggest that 
morphological characteristics within a group so genetically similar are equally 
homoplastic. It is proposed that Strongylida arose around the time of amphibians 
(Adamson 1986; Durette-Desset, Beveridge et al. 1994) since this is the most primitive 
group parasitised. Some members of Strongyloidea are proposed to be host specific 
and have coevolved with their hosts. This evidence is based on strongyloids of 
marsupials but only four of six speciations matched that of the host (Durette-Desset, 
Beveridge et al. 1994). In addition the marsupials in question are herbivorous and only 
evolved as recently as 40 million years ago (MYA) (Durette-Desset, Beveridge et al. 
1994). Large kangaroos (Macropodidae) have evolved very recently (10-20 MYA) yet 
one was found to harbour 171 different species of strongylid (Durette-Desset, 
Beveridge et al. 1994). The number of species in a host is correlated to the size of the 
host, which suggests both extensive host switching and specificity for ecological 
environment i.e. vertebrate gut, rather than for host. Trichostrongyloids are found in a 
gondwanan distribution which dates them no later than 150 million years or so but 
Ancylostomatoidea are thought to have been introduced into America by the slave trade. 
There are no aquatic lifecycles in Strongylida. Ancvlostoma parasites of seals spend no 
part of their lifecycle in the water. Most Strongylids are monoxenous parasites of 
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mammals, which is more suggestive of a radiation with early mammals and then 
horizontal transfer to amphibians. Others e.g. bird parasite Syngarnus use intermediate 
earthworm hosts. Snails and other invertebrates can also be intermediate and paratenic 
hosts. Transmission of strongyloids is either oral or percutaneous and in the case of 
Anci'lostoma, both. A tracheal migration route is common as is infection in the trachea 
itself. 
Niche utilisation: tissue rather than host tropism? 
The pattern in host utilisation by Strongylida varies considerably. This suggests an 
explosive recent radiation, perhaps with mammals, which represent the most common 
hosts. The ecological tropism is perhaps not for a host but for a constant nutrient 
environment i.e. the alimentary tract. The evolution in particular of large fermenting 
fore-stomachs in ruminants provided a highly suitable ecological niche. Oral and 
percutaneous routes of transmission probably occurred simultaneously. The paratenic 
and intermediate hosts are all associated with the other rhabditids and all of these are 
eaten continuously by mammals and other vertebrates whether grazers, foragers or 
predators, a situation which must have occurred in the past. If tropism for the 
alimentary tract is a driving factor for the radiation of Strongylida then a tracheal 
migration route is an apparent anomaly. It is often proposed that the tracheal migration 
route satisfies some previous intermediate host requirement (Maggenti 1981; Adamson 
1986; Durette-Desset, Beveridge et al. 1994). Strongylids however, do not extensively 
migrate, certainly in comparison to spirurids and ascarids, in deep tissue regardless of 
oral or percutaneous entry. Further, tracheal migration may be facilitated by normal 
circulatory flow and does not always follow oral ingestion in Ancylostoma suggesting 
that this migration need not provide a developmental requirement. The fact that 
strongylids do not migrate within the host to the extent of ascarids and spirurids lends 
further weight for the hypothesis of a more recent radiation, as a mechanism for 
increasing fecundity has not been fully exploited. This is further shown by their 
generally small size. A tropism for a stable nutrient environment is common among 
members of Rhabditina and the nematodes have become adept at exploiting 
evolutionary niches by virtue of apparently interchangeable morphology and 
developmental processes which can differ even within single species, depending on sex 
or developmental stage. Strongylida are no exception; parasites of elephant gut have 
large buccal capsules and strong teeth, clearly adapted to the host environment. This is 
directly mirrored in the rhabditid glottoid apparatus, adapted for different feeding 
strategies. 
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If a comparatively recent radiation of Strongylida can be accepted, then the adaptations 
for parasitism must have already existed. Close rhabditid relatives exploit similar niches 
as Strongylida in terms of endotropism, especially the closest relative Heterorhabditis 
which share with the strongylids a trophic requirement for digestive fermentate. True 
parasitism within the group however, requires the development of percutaneous 
transmission and mechanism for attachment to the host epithelial lining. To facilitate 
attachment within the host, Ancylostomatoidea possess an oral cavity with a 
characteristic dorsal hook. This trait may have originated within the common ancestor 
of Heterorhabditis and Strongylida. Putative ancestral characters are often found in 
developmental stages in nematodes. Examples include the rhabditid pharynx in the 
infective larvae of Ascaridida, and the onchia in the L3 larvae of Mermithida and 
Trichocephalida. The L3 larvae of Heterorhabditis have a small protruding hook with 
which they can pierce the host cuticle. This is likely to be homologous to the distinctive 
dorsal hook which give Ancylostomatoidea their common 'hookworm' name. This 
may point to the origins of the mechanism for host attachment in Strongylida but it 
does not explain an adaptation for penetration and subcutaneous migration. The 
prerequisite conditions for skin penetration of Ancylostoma were elucidated by Arthur 
Looss, the man who first discovered the phenomenon (Looss 1911). It has since been 
established (Goodey 1925) that skin penetration provides a mechanical mechanism for 
ecdysis in the infective larvae. The natural environment of most Rhabditidae provides an 
effective key for unsheathing in contact with soil, compost, and other detritus. 
Burrowing in between skin cells, maiphigian tubules, or hair follicles may provide a 
similarly effective mechanism. It is perhaps significant that the closest relative by ML 
analysis, to the pseudoparasitic monophyly is Cuticularia, a sister taxon with with 76% 
support (see figs. 12.3 and 12.4). Cuticularia gets its name from a peculiarly 
characteristic outer cuticle which is very loose, often with folds (De Ley 1995). 
Cuticularia is found in similar ecological niches as other Rhabditidae such as soil and 
compost but not in insects. Perhaps the pseudoparasitic group from which Strongylida 
arose, have evolved a particularly tough cuticle encapsulating the dauer stage that better 
ensures survival under environmental stress but requires extra purchase to remove, 
parasitism being the unfortunate (for the host) evolutionary consequence. This 
particular mechanism has evolved in Rhabdias fuscovenosa (Goodey 1924), a 
Strongyloidoidea parasite of snakes (see Ch. 15). 
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13 PHYLOGENETIC ANALYSIS OF DIPLOGASTERIDA 
Introduction 
Diplogastenda display a wide variation of buccal morphology, presumably adapted to 
different feeding strategies. Most are predatory and feed on nematodes and other soil 
organisms. They are capable of forming dauer larvae and share the same terrestrial 
environs as Rhabditina, a group with which diplogasterids share a common 
Rhabditoides-like ancestor. Diplogasterida are distinguished from Rhabditina in having 
a non-muscular isthmus and valveless posterior bulb. Valves have been described from 
some Pseudodiplogasteroides (De Ley 1995) however, so the distinction is not 
clearcut. In the previous chapter, an association was indicated between diplogasterids 
and Mesorhabditidae (see fig. 12.2). The family Tylopharyngidae has been proposed to 
give rise to plant-parasitic Tylenchida (Siddiqi 1980; Maggenti 1983) based on a 
shared pharyngeal stylet structure, but this feature has been shown to be convergent by 
molecular analysis (Blaxter, Dc Ley et al. 1998). Monodelphic gonads are common in 
diplogasterid females and uncommon among Rhabditina but since this alternate 
reproductive morphology can arise due to death of a single tip cell (Sternberg and 
Horvitz 198 1) the systematic and phylogenetic utility of female gonad morphology is at 
an end. The superfamily Diplogasteroidea is proposed to be ancestral within the order 
and give  rise to two other superfamilies, Odontopharyngoidea and Cylindrocorporoidea 
(De Ley 1995). Within Diplogasteroidea, five families are recognised (Andrassy 1984). 
They are, in order of the most ancestral in morphology to the most derived: 
Pseudodiplogasteroides, Diplogasteroides, Diplogasteridae, Neodiplogasteridae, and 
Tylopharyngidae. Diplogasterida are neglected in nematode taxonomy yet Pristionchus 
pacfIcus (Neodiplogasteridae) is proposed as a 'satellite' organism to enable a 
functional comparative approach to research in C. elegans (Schiak, Eizinger et al. 
1997). A molecular phylogenetic analysis may provide a framework for assessing the 
validity of the proposed direction of character change. 
Methods 
This dataset is formed from partial SSU rDNA sequence (see Table 4). Diplogasterid 
sequences were aligned to the 5' end of the full-length sequence dataset comprised of 
all the Rhabditia sequences. A Rhabditia dataset was then constructed from 5' partial 
sequences. Tree topology was similar for MP analysis of full-length or partial sequence 
(using the same taxa for which full-length sequence was available). Topology was also 
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similar for NJ analysis of full-length or partial sequence (data not shown). The full-
length Rhabditia dataset contains 766 parsimony informative sites (30% of sites) and 
partial datset contains 327 parsimony informative sites (60% of sites). The 5' partial 
sequence contains 43% of the parsimony informative sites of the gene. Nine 
Diplogasterida are included in the dataset, and represent two superfarnilies, 
Diplogasteroidea and Cylindrocorporoidea, the first of which is represented by four 
families, Pseudodiplogasteroididae, Diplogasteroididae, Diplogasteridae, and 
Neodiplogasteridae, and the second by the type and only family Cylindrocorporoididae. 
Further taxa were added to represent Rhabditidae (2 Caenorhabditis, 1 Rhabditoides), 
Mesorhabditidae (1 each of Mesorhabditis and Teratorhabditis), 1 Bunonematidae, 
and 3 Cephalobidae. Mesorhabditidae and Bunonematidae were included to assess a 
possible close association with Diplogasterida (see fig, 12.2). Rhabditoides was 
included as the ancestral lineage of Rhabditina (see Chapter 12) and Cephalobidae were 
included in an attempt to 'fix' the position of Rhabditoides relative to Rhabditina. 
Two taxa representing Spirurida and Ascaridida were used as an outgroup. This partial 
dataset is represented by 20 taxa. All other taxa and sequence were excluded from the 
analysis. Trees were initially produced by MP and NJ analysis. MP analysis involved 
ten replicates saving ten shortest trees each replicate. A single shortest tree was found 
by this method with no shorter trees found by local subsearching of the data. The NJ 
tree was produced employing minimum evolution criteria on LogDet transformed data. 
MP and NJ trees were statistically assessed to provide a starting tree for ML analysis. 
ML rate heterogeneity parameters were estimated on the starting tree and fixed for 
subsequent ML search employing the GTR nucleotide substitution model. Statistical 
evaluation of branching patterns was assessed by bootstrap replication using MP and 
NJ methods. NJ bootstrap employed data corrected by either LogDet or ML with 
parameters estimated from the ML tree. 
Results 
Phylograms produced by MP and NJ methods with associated bootstrap values are 
shown in figures 13.1 and 13.2 respectively. By MP analysis (fig. 13. 1), topology 
within Rhabditina and with respect to Diplogasterida is the same as with full-length 
sequence (Ch. 12 fig. 12.1). Cephalobidae are shown to form a well-supported sister 
group to a Rhabditina-Diplogasterida radiation. Rhabditoides is shown arising from the 
base of Rhabditina as with previous analyses (Ch. 12) but the position is not supported. 
A well-supported monophyly of Caenorhabditis, Mesorhabditidae, and Bunonematidae 
reflects their relative positions as found with full-length sequence analysis (Ch. 12). A 
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Figure 13.1 
Maximum Parsimony phylogram based on a 5' partial dataset. This tree represents the 
single most parsimonious reconstruction. General topology is the same as with full-
length sequence. Numbers refer to bootstrap values for the adjacent branch. Families are 
labelled and indicated by coloured band. The Diplogasterida monophyly is shown in - - - 
green and indicates a highly homoplastic scenario for the evolution of many 
diplogasterid morphological characters. 
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Figure 13.2 
Phylogram based on NJ analysis employing minimum evolution criteria on LogDet 
transformed data. Topology here is identical to the tree produced by MP analysis (fig. 
13.1). Labelling as before. Further resolution is provided here within Diplogasterida 
with a significant grouping of Diplogasteroides with Diplogaster berwigi. 
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close relationship as suggested by NJ analysis of the full-length dataset (Ch. 12, fig 
12.2) is not shown between Mesorhabditidae and Diplogastenda. Diplogasterida form 
a monophyletic group with highly significant support. Support for resolution within 
Diplogasterida is low but two groups receive highly significant support, Pristionchus 
spp. with Diplogaster maupasi and a group comprised of Pseudodiplogasteroides, 
Diplogasteroides, and Diplogaster berwigi. The genus Diplogaster is paraphyletic as 
no support is shown for the grouping together of any of the three representatives and 
indeed two are well supported within separate groups. By NJ analysis (fig. 13.2) tree 
topology is identical to that produced by MP analysis. Levels of support differ in that 
Rhabditina and Diplogasterida form a well-supported monophyly to the exclusion of 
Rhabditoides. Rhabditoides is shown as a sister taxon to the monophyly but the 
position is not supported relative to Cephalobidae. Level of support for other groups is 
similar to MP analysis but with further support within the two additionally supported 
diplogasterid groups. Within the group comprised of Pristionchus spp. and 
Diplogaster maupasi, Pristionchus is shown to be paraphyletic as P. Iheritieri forms a 
sister taxon to a grouping of P. pacUlcus  and D. maupasi although the level of support 
for P. pacificus with D. maupasi (62%) is not at a significant level. Within the well-
supported group comprised of Pseudodiplogasteroides, Diplogasteroides, and 
Diplogaster berwigi, Pseudodiplogasteroides froms a sister taxon to a highly 
supported grouping of Diplogasteroides with D. berwigi. The two trees (figs. 13.1 and 
13.2) were statistically assessed to provide a starting tree for ML analysis. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree Length Length diff 
MP 685 (best) 
NJ 687 2 
s.d.(diff) 	t 
2.82964 0.7068 0.4800 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test). 
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Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
----------Templeton ------------ Winning-sites -- 
Tree 	Length Rank sums* N 	z 	P 	counts P** 
MP 	685 	(best) 
NJ 687 22.5 	8 -0.7071 0.4795 	5 	0.7266 
-13.5 -3 
* Wilcoxon signed-ranks test statistic is the smaller of the absolute values of the two 
rank sums. 
** Approximate probability of getting a more extreme test statistic under the null 
hypothesis of no difference between the two trees (two-tailed test). 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree 	-InL 	Diff -In L 	s.d.(diff) 	T 	P 
MP 	3726.77834 	(best) 
NJ 3728.02312 1.24478 	5.53306 0.2250 0.8221 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test) 
By all criteria the trees are not statistically different. This is not surprising given that 
they have near-identical topologies. In addition, with a Retention Index value of 0.73, 
homoplasy in the data is low leading to a convergence on the same tree by different 
methods. The MP tree was chosen as a starting tree for ML analysis. Parameters for 
rate heterogeneity were estimated on the starting tree and fixed for subsequent ML 
heuristic search employing the GTR model for nucleotide substitution. The resulting 
tree is shown in figure 13.3. This tree was statistically compared against both the MP 
starting tree and the NJ tree. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree Length Length diff 	s.d.(diff) 
MP 685 (best) 
NJ 687 2 	2.82964 
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Figure 13.3 
Phylogram based on ML analysis employing the general time-reversible model of 
nucleotide substitution. Parameters for rate heterogeneity were estimated from the tren_ 	-- 
fig. 13.1 and subsequently fixed for ML heuristic search using the tree in fig. 13.1 as a 
starting tree. Labels as before. Topology differs from previous analyses with respect to 
the position of Rhabditoides inermiformis, which is placed wrongly here. See text for 
details. 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
----------Templeton ---------- -- Winning-sites --
Tree 	Length Rank sums* N z 	P** 	counts 	P 
MP 	685 	(best) 
NJ 687 22.5 	8 -0.7071 0.4795 	5 	0.7266 
	
-13.5 -3 
ML 	687 	45.5 	12 -0.5774 0.5637 	7 	0.7744 
-32.5 -5 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree -In L Diff-ln L 	s.d.(diff) 	T 	P 
MP 3526.66570 1.15540 	4.60804 	0.2507 	0.8021 
NJ 3526.37317 0.86287 1.56147 0.5526 	0.5807 
ML 3525.51030 (best) 
Again, the ML tree is not statistically different from the others. By ML analysis (fig. 
13.3) tree topology is identical to previous trees with the exception of Rhabditoides 
inermiformis which is shown as a sister taxon to the remaining Rhabditina, inferring 
Diplogasterida as a sister group to Rhabditina. In this situation ML has got it wrong as 
the position of Rhabditoides has been established (see Ch. 12) as a basal lineage to 
both Rhabditina and Diplogasterida. The position of Rhabditoides is variable by 
sequence analysis as it has no other single taxon with which to associate. The 
difference with the ML tree (fig. 12.3) compared to the others is the rates of phylesis. 
The branch lengths that define Cephalobidae, Diplogasterida, and Rhabditina are all 
short i.e. the differences between the groups far outweigh the similarities. Rhabditoides 
has a comparatively short branch length and probably represents an ancestral sequence, 
which may have similar identities to both Rhabditina and Cephalobina. Support for ML 
branching patterns comes from NJ bootstrap with distance correction by ML with rate
- 
heterogeneity parameters estimated on the ML tree. These levels of support are shown 
in a cladogram in Figure 13.4. Topology is exactly the same as MP and NJ trees and 
levels of support are broadly similar to those of other methods with some notable 
differences; significant levels of support are evident for all bifurcations. Resolution is 
improved within Diplogasterida with support for the grouping of Pristionchus pacy'icus 
with Diplogaster maupasi increased to 81%. Aduncospiculum halicti is shown basal 
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Cladogram based on NJ bootstrap with distance correction provided by ML parameters 
estimated from the ML tree (fig. 13.3). An additional element of resolution is provided 
within Diplogasterida with the significant grouping of Pristionchus pacificus and 
Diplogaster maupasi. Bootstrap value is lower for the outgroup due to the variability of 
the position of Rhabditoides. 
Discussion 
A morphological-molecular dichotomy 
Although all the relationships within Diplogasterida are not significantly supported, the 
topology is the same by all analyses indicating a level of confidence in the branching 
pattern. Two main diplogasterid groups are supported in all analyses. The first, groups 
two Pristionchus species with Diplogaster maupasi. The genera Pristionchus is shown 
to be paraphyletic as P. lheritieri forms a sister taxon to P. pacflcus  plus D. maupasi. 
This grouping has significant support by NJ bootstrap employing ML distance 
correction (fig. 13.4). Pristionchus is a neodiplogasterid, proposed to be the most 
derived of the families sampled here (De Ley 1995). This view is supported by tree 
topology in all analyses. The inclusion within a neodiplogasterid dade of Diplogaster 
maupasi seems surprising but given that the three representatives of the genera 
Diplogaster do not in any way associate with each other suggests an element of 
morphological convergence. Diagnostic of Diplogasteridae is a short tubular stoma 
with a large prominent dorsal tooth but no subventral teeth. In this respect Diplogaster 
are not typical Diplogasteridae as they have a barrel-shaped stoma with two small 
subventral teeth in addition to the large dorsal tooth. Differential diagnosis from 
Neodiplogasteridae relies on the presence of refractive bars in the neodiplogastend 
cheilostome and the absence of a large subventral tooth in Diplogasteridae. The 
neodiplogasterid stoma however, does not display a constant morphology. In common 
with Aduncospiculum halicti (Diplogasteridae), Pristionchus pacificus displays an 
unusual dimorphic stoma: The 'stenostoma' form is short and tubular with an 
undivided cheilostom, a prominent dorsal tooth but no subventral teeth. In the 
'eurystoma' form, the stoma is much wider with large dorsal and subventral teeth. The 
distinction then between a stenostomal neodiplogasterid and Diplogaster relies on the 
presence of a refractive cheilostome, which may not have been detected in D. maupasi. 
The second well-supported diplogasterid group is comprised of Diplogastero ides and 
Diplogaster berwigi with Pseudodiplogasteroides as a sister taxon. The taxonomic 
position of Pseudodiplogastero ides has been the subject of debate (Andrássy 1984; De 
Ley 1995). A basal bulb with valves has been described which in addition to dideiphic 
gonads places the family in Cephalobina. However, valveless bulbs have also been 
recorded and the plasticity of gonad morphology has already been described. The 
position of Pseudodiplogasteroides is now clear. The genetic divergence between 
Pseudodiplogasteroides, Diplogasteroides, and Diplogaster berwigi, representing three 
families is of the same order as seen between members of the genus Caenorhabditis. 
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Diplogasteroides are monodelphic, have a comparatively long tubular stoma, 
asymmetric denticles, and sexual dimorphism in amphid morphology. None of these 
characteristics is typical of either Pseudodiplogasteroides or Diplogaster, graphically 
illustrating the level of morphological homoplasy common in Rhabditina-derived 
nematode groups. In addition, the most distantly related taxa within the order 
Diplogasterida are Pristionchus (Neodiplogasteridae) and Aduncospiculum 
(diplogasteridae) yet they share the same dimorphic stoma feature. A picture describing 
the most homoplastic scenario is completed by the inclusion of Goodevus u/mi, 
classified within a separate superfamily, Cylindrocorporoidea. Goodeyus has an 
elongate tubular stoma, no teeth or denticles, but contains a well-developed peloderan 
bursa. None of these characters are shared with any other taxa included here. Goodevus 
is shown as a sister taxon to the Piistionchus-D. maupasi group but it's position is not 
supported. 
Is Diplogasterida evolving parasitism? 
Tylenchida did not arise from within Diplogasterida. The cuticularised buccal capsule 
and teeth common to diplogasterids was thought to be homologous to the stylet 
displayed by tylenchids. The proposal for diplogasterid origins of Tylenchida gained 
some weight due to an association shown between diplogasterids and damaged plant 
tissue leading to the suggestion that some diplogasterids may be plant parasitic. Some 
are undoubtedly opportunistic and it now seems likely that the buccal capsule within the 
Rhabditina radiation is specialised to feeding habits. Diplogasterids also have intimate 
associations with insects and diplogastend parasites have been described including a 
parasite of the cricket (Reboredo and Camino 1998). All members of an extended 
Rhabditina-diplogasterid-strongylid lineage are however associated with bacteria and 
most if not all are bacteriophorous. Certain bacteria promote growth in potato tubers. 
The same bacteria have been shown to be a sufficient nutritional source for culturing 
many rhabditids and diplogasterids (Kimpinski and Sturz 1996). The association with 
roots and tubers may be a mutualistic one in which the bacteria are spread around the 
soil and tubers by the nematode. Clearly the association with plants is more complex 
than a simple invasive strategy and in some cases may be analogous to the strategy 
employed by Heterorhabditis in which the host is essentially a pantry for food storage 
and preparation. The highly cuticularised buccal structures of diplogasterids display a 
wide range of morphologies which do not appear to be phylogentically informative. A 
large dorsal tooth, may be said to be homologous to that displayed by hookworms and 
they are certainly derived from the same capacity for buccal specialisation, a 
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characteristic common to all groups which have arisen from within Rhabditina. The 
same cuticularisation of buccal structure occurs however in the distantly related Enoplia, 
as do the large cuticularised amphids of Diplogasteroides and papilliform sensillae 
common in Diplogasteridae. An extensive Rhabditina radiation appears to have been 
successful in no small measure due to the utility and plasticity of the nematode oral 
cavity. The ability to adapt the requisite anterior morphology seems to be unrelated to 
the level of genetic divergence and in many cases the two seem to be inversely 
correlated. Highly diverse forms are classified as different superfamilies within 
Strongylida and Diplogasterida yet are shown to be as genetically similar as forms 
within the genus Caenorhabditis. On the other hand many free-living Rhabditidae are 
morphologically inseparable yet more divergent than tetrapod classes. 
A mechanism /br acute morphological adaptation 
For genetically similar organisms to display morphological disparity requires discrete 
evolutionary change at major regulatory loci with concomitant change at the ontogenetic 
level, rather than mutation within coding regions. That this occurs within Diplogasterida 
has been verified. Polymorphisms have been shown both within introns and in the 
upstream regulatory region of the Ppa-let-601 ras gene between two populations of 
Pristionchus pacUlcus  from opposite coasts of America, yet the coding regions were 
identical (Schlak, Eizinger et al. 1997). In addition, evolution must be able to occur in 
the absence of morphological change to maintain species yet build a store for 
potentially favourable change. This too has been verified for diplogasterids. The 
differentiation pattern of ventral epidermal cells is highly conserved within 
Diplogasteridae. Despite this, cell ablation experiments have highlighted many 
independent alterations of the underlying mechanisms of cell fate specification, 
including change in cell competence and differentiation property in response to 
inductive signalling (Sommer 1997). This suggests the existence of redundant 
developmental mechanisms, which may evolve, free from evolutionary constraints. 
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14 PHYLOGENETIC ANALYSIS OF CEPHALOBINA AND 
TYLENCHIDA 
Introduction 
Molecular analysis has indicated that Tylenchida have cephalobid rather than rhabditid 
origins (Blaxter, De Ley et al. 1998). This may be considered surprising given that 
Tylenchida can display some apparently rhabditid characteristics such as a copulatory 
bursa, sexual dimorphism, a median bulb often with valve, dideiphic gonads and 
capacity for developmental arrest. Of these features, sexual dimorphism and pharyngeal 
swellings (with or without valves) have arisen many times throughout the phylum. 
Gonad morphology can be discounted and the tylenchid bursa, when present, is little 
more than extended lateral alae without the papillar support indicative of Rhabditina 
(Thorne 1961). Developmental arrest within Tylenchida has more in common with 
cephalobid mechanisms than rhabditid. In the rhabditid L3 dauer stage, development is 
arrested until conditions are favourable for continued development whereas in 
Tylenchida and Cephalobidae development can be arrested at all larval stages and life 
cycles can take many years to complete (Thorne 1961; De Ley 1995). Tylenchida have 
evolved complex and elaborate mechanisms for the exploitation of host tissue 
environments, for transport between hosts, and for protection during parasitic stages 
(Siddiqi 1981). Free-living cephalobes have evolved elaborate and sophisticated labial 
extensions presumeably attuned to feeding strategies and are found in damaged plant 
tissue although they cannot actually pierce plant tissue themselves (De Ley 1995). 
Aside from obvious trophic ecology the elaborate oral and seemingly delicate 
ornamentation of Cephalobidae may appear to have little in common with the 
protrusable stylet tylenchids use to pierce host tissue. This particular tylenchid trait 
appears to be more indicative of the highly cuticularised buccal structures common in 
Rhabditidae and particularly Diplogasterida thus leading to a proposal for a 
diplogasterid origin for Tylenchida (see Ch. 13). Cell nuclei staining, and cell lineage 
analysis in combination with transmission electron microscopy have been used to 
elucidate the cellular basis of the different buccal capsules of Cephalobidae and 
Rhabditidae (Dolinski, Borgonie et al. 1998). The lining of the buccal capsule of 
Cephalobidae includes four sets of muscular radial cells, in contrast to Rhabditidae 
which have two sets of muscle cells and two sets of epithelial cells. In Cephalobidae, the 
corresponding epithelial cells become hypodermal or are programmed to die. It is 
proposed that two sets of muscle cells in Cephalobidae are homologous to the primary 
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and secondary sets of stylet-protracter cells of Tylenchida (Dolinski, Borgonie et al. 
1998). 
The development of plant parasitism in Tylenchida is proposed to arise from 
fungivorous ancestry (Thorne 1961). Aphelenchs are faculatative parasites of fungi and 
may represent the ancestral phenotype within Tylenchida. In addition, the stylet of 
aphelenchs lacks the muscular lobes of the tylench stylet. Aphelenchs may possess 
intermediate buccal forms between Cephalobidae and tylenchs. Patterns in oral and 
body structure and tissue tropism may be elucidated by phylogenetic analysis. 
Panagrolaimidae also display features common to Rhabditina and Cephalobina. They 
possess an annulated cuticle and narrow stoma, a simple corpus; rarely swollen and 
mostly without valves, and can be very tolerant to inhospitable environments, all 
characteristic of Cephalobina. However an association with insects is common and 
most members have a distinct dauer stage, characteristics of Rhabditina. Their 
phylogenetic position as Cephalobina is by no means resolved (see Ch. 11) but an 
association with Bursaphalenchus (Tylenchida: Aphelenchoidea) is indicated by 
molecular phylogeny and so Panagrolaimidae are included on this basis. 
Methods 
Taxa were sampled as previously described. Classification of Cephalobina follows that 
of Andrássy (Andrássy 1976) with modifications (De Ley 1995). Classification of 
Tylenchida follows Thorne (Thorne 1961) and includes tylenchs and aphelenchs. No 
support for these classification systems is intended. 6 Cephalobidae are sampled, 14 
Tylenchida (12 tylenchs, 2 aphelenchs), and 4 Panagrolaimidae. 3 taxa from Clade III 
are used for outgroup comparison. The dataset is thus comprised of 27 taxa. All 
sequences were full-length and analysis included gaps. Initial trees were constructed by 
Maximum Parsimony and Neighbour Joining (with minimum evolution criterion) 
methods. MP analysis using ten replicates, each saving ten shortest trees, produced six 
most parsimonious reconstructions, the most likely of which formed the chosen MP 
tree. NJ analysis on LogDet transformed data, produced a second tree. Bootstrap 
evaluation (200 replicates) of the tree topologies was conducted using the same 
respective methods. MP and NJ trees were statistically assessed to provide a starting 
tree for Maximum Likelihood analysis. Parameters for rate heterogeneity, incorporating 
a proportion of invariable sites, were estimated by ML on the chosen starting tree. 
These values were fixed for subsequent ML heuristic search employing the GTR model 
of nucleotide substitution. The resulting ML tree was statistically compared to the 
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starting tree and topology was assessed by NJ bootstrap with distance correction 
supplied by ML parameters based on the ML tree. 
Results 
Trees produced by MP and NJ analysis are shown in figures 14.1 and 14.2 
respectively. By MP analysis (fig. 14.1), Cephalobidae form a well-supported 
monophyly. A close relationship is evident between taxa within Cephalobidae but all 
bifurcations are significantly supported with the exception of Triligu i/a as a sister taxon 
to a monophyly comprising Zeidia, Cephalobus, and Acrobeloides. Acrobeloides and 
Cephalobus group with 98% support and both with Zeidia, supported by 71% of 
replicates. Two Acrobeles spp. group together with 100% support as a basal lineage 
within Cephalobidae. Resolution is complete for Panagrolaimidae, with highly 
supported stepwise monophylies of Panagrolairnus and Halicephalobus, joined by 
Panagrelius, and with Panagrobe/us as a basal lineage. Bursaphelenchus is shown as a 
sister taxon to Panagrolaimidae but this position is not significantly supported. 
Cephalobidae are shown as a sister group to Tylenchida and Aphelenchus as a basal 
lineage within Tylenchida but neither position is supported. A monophyly of 
Tylenchoidea is shown but not significantly supported. Only two groups within 
Tylenchida command significant support. Firstly, for the genus Meloidogyne and also 
for a grouping of Giobodera, Helicotylenchus, Scutelionema, and Rotylenchus, with the 
latter two taxa grouped together by 70% bootstrap replicates. By NJ analysis (fig. 
14.2), topology is very different within and between Cephalobidae and Tylenchida. The 
different groupings within Cephalobidae are not supported. Only the two Acrobeles 
spp. and Acrobeloides with Cephalobus are supported, as they were by MP analysis. 
Aphelenchus is supported (70%) however as a sister taxon to Cephalobidae. 
Tylenchoidea are significantly supported as a monophyly by NJ analysis but within 
this monophyly the same two groups are supported as with MP analysis with the 
additional support of Tvienchorhvncus as a sister taxon to the Giobodera, 
Helicotylenchus, Scutellonema, Rotylenchus monophyly. Topology and levels of 
support for Panagrolaimidae are the same by both analyses but the inclusion of 
Bursaphelenchus as a sister taxon receives significant support by NJ analysis (fig. 
14.2). Although the topologies of the two trees differ considerably, the same groups are 
supported in both the only exceptions being NJ support for the positions of 
Bursaphelenchus, Aphelenchus, and Tylenchorhynchus in the NJ tree. The only 






- Panagrobelus stammen 
- Bursaphelenchus sp. 	 Aphelencholdea 
10 Acrobeles sp. 
Acrobeles complexus 










len  chu angustus 
Meloidogyne arenaria 
100 	Meloidogyne javanica 
Meloidogyne incognita 



















Phylogram based on Maximum Parsimony. This is the most likely topology from six 
most parsimonious reconstructions. MP bootstrap values are shown adjacent to the_----- -
branches for which they apply. Groups of taxa are labelled and indicated by coloured 
band. Tylenchoidea and Aphelenchoidea represent the order Tylenchida and 
Cephalobidae and Panagrolaimidae represent the suborder Cephalobina. Aphelenchoidea 
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Phylogram based on NJ analysis employing minimum evolution criterion on LogDet 
transformed data. Labelling as before. Bursaphalenchus is supported as a sister taxon to - - 
Panagrolaimidae, and Aphelenchus as a sister taxon to Cephalobidae. Refer to text for 
details. 
position within Tylenchida to a supported basal position to Cephalobidae. The two trees 
were statistically evaluated to determine the best starting tree for ML analysis. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length diff s.d.(diff) 	t 	P * 
MP 	2933 	(best) 
NJ 2954 21 	10.33733 2.0315 0.0423* 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test). Asterisked value in table 
indicates significant difference at P < 0.05. 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
----------Templeton ---------- -- Winning-sites --
Tree 	Length Rank sums* N 	z 	P 	counts 	P 
MP 	2933 	(best) 
NJ 2954 2600.0 	92 -2.0171 0.0437* 57 	0.0286* 
	
-1678.0 -35 
* Wilcoxon signed-ranks test statistic is the smaller of the absolute values of the two 
rank sums. 
** Approximate probability of getting a more extreme test statistic under the null 
hypothesis of no difference between the two trees (two-tailed test). Asterisked 
value in table indicates significant difference at P < 0.05. 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree 	-In L 	Diff-In L 	s.d.(diff) 	T 	P 
MP 	16715.55053 	(best) 
NJ 16766.65321 51.10268 	25.57350 1.9983 0.0458 ** 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test) 
** Significant at P <0.05 
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The NJ tree is significantly worse (P= < 0.05) by all statistical analyses. Homoplasy is 
high in the dataset (40%) but not excessively so. The analysis was repeated using data 
with gaps excluded to establish whether NJ analysis was sensitive to extended regions 
with limited or highly homoplastic sequence information. The resulting NJ tree showed 
exactly the same topology with or without gaps with very similar levels of support and 
no difference indicated by Likelihood ratio test (P= 0.9). Similar results were obtained 
by comparison of MP, with and without gaps (data not shown). When NJ analysis 
employs ML parameters based on an ML tree, for distance correction, the tree is almost 
always significantly better. This illustrates that NJ analysis although theoretically 
preferable to MP by the incorporation of an underlying evolutionary model, is highly 
sensitive to violations of that model i.e. the model must accurately reflect the data. This 
is true even if the most general model (GTR) is used. Arbitrarily varying the parameters 
for rate heterogeneity, but most importantly for proportion of invariable sites, results in 
significantly different trees. This is not the case with Maximum Likelihood analysis, 
which is far more robust to violations of the underlying model (data not shown). The 
MP tree (fig. 14.1) was chosen as a starting tree for ML analysis. Parameters for rate 
heterogeneity incorporating a proportion of invariable sites were estimated by ML on 
the starting tree and fixed for subsequent ML heuristic search using the GTR model of 
nucleotide substitution. The resulting ML tree is shown in figure 14.3. This tree was 
statistically evaluated against the starting tree. 
Maximum Parsimony paiwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length diff s.d.(diff) 	t 	P 
MP 	2933 	(best) 
ML 2952 19 	15.52256 1.2240 0.2211 
Templeton (Wilcoxon signed-ranks) and win 
----------Templeton -- 
Tree 	Length Rank sums* N 	z 
MP 	2933 	(best) 
ML 2952 9073.5 	182-1.1602 
-7579.5 
fling-sites (sign) tests: 
Winning-sites --
counts 
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Phylogram based on ML analysis using the tree in fig. 14.1 as a starting tree. Parameters 
for ML heuristic search were based on the starting tree. For the first time using 	--- - 
molecular methods both Cephalobina and Tylenchida are shown monophyletic. See text 
for details. 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree 	-In L 	Diff-in L 	s.d.(diff) 	T 	P'' 
MP 15457.95551 	27.60957 	16.67581 1.6557 0.0979 
ML 15430.34594 (best) 
The ML tree is certainly more likely but just below the level of significance by ML 
pairwise test. The MP tree is however firmly rejected by likelihood ratio test (P = << 
0.01). 
By ML analysis (fig. 14.3), tree topology is again different than from the other 
analyses. The topology within Cephalobidae as determined by MP analysis (fig. 14.1) 
is supported however, as is the topology within Panagrolaimidae. Within a 
Tylenchoidea monophyly however, the topology by ML supports that of the NJ tree 
(fig. 14.2) with the exception of the positions of Pratylenchus and Tvlenchorhvncus 
which by ML (fig, 14.3), are shown to form stepwise sister taxa to the Meloidogyne spp. 
A significant difference by ML analysis concerns the positions of the aphelenchs which 
are now included in a Tylenchida monophyly. Aphelenchus is shown as a basal lineage 
within Tylenchida and Bursaphelenchus groups with Ditylenchus as a sister group to 
the other tylenchs. The position of Bursaphelenchus in both MP and NJ analysis as a 
sister taxon to Panagrolaimidae is most likely due to long-branch attraction which has 
occurred due not to the presence of long branches per se but due to the difference in 
branch lengths between Panagrolaimidae and the rest. Perhaps the most important 
topological difference by ML analysis is that Cephalobidae are shown to group with 
Panagrolaimidae and Aphelenchoidea with Tylenchoidea i.e. for the first time, both 
Cephalobina and Tylenchida are shown to be monophyletic. In addition, 
Panagrolaimidae, Ccphalobidae, and Tylenchoidea all form monophyletic groups. 
Aphelenchoidea is shown to be paraphyletic; an aphelench monophyly is firmly 
rejected by likelihood ratio test (P = <0.01). Support for branches within the ML tree 
comes from NJ bootstrap with distance correction supplied by ML with parameters 
estimated from the ML tree. The resulting cladogram is shown in Figure 14.4. Support 
for most of the branching patterns of the ML tree is low which is not surprising given 
that support is provided by NJ which without correction by the ML model supports 
entirely different groupings. Monophylies of Panagrolaimidae, Cephalobidae and 
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Figure 14.4 
Cladogram based on NJ bootstrap consensus with ML parameters based on the ML tree 
(fig. 14.3) for - distance correction No support is-evident for Tylenchida or Cephalobina----
monophylies. Support for other groups are consistent in all analyses. Additional support 
is evident here for Ditylenchus as a basal lineage within Tylenchoidea. 
Tylenchoidea. Other groups within Cephalobidae and Tylenchoidea are supported as 
before. Significantly, Aphelenchus and Bursaphelenchus receive no support for 
groupings with either Cephalobidae or Panagrolaimidae. 
Discussion 
A Cephalobina split 
Panagrolaimidae is fully resolved by all analyses. Panagrobelus stammeri forms the 
basal lineage within the group. This position is interesting as Panagrobelus may 
represent an ancestral panagrolaimid phenotype; with a crown-shaped lip region, similar 
to that of Teratocephalus, a short stegostom, pharyngeal corpus without swelling and 
with a short posterior muscle. Panagrellus redivivus represents the next lineage and 
has low, rounded lips but is otherwise similar to Panagrobelus. Halicephalobus and 
Panagrolaimus represent the last members sampled here and of these Halicephalobus 
is certainly more derived, with a swollen metacorpus with longitudinal valves. 
Panagrolaimids are known for their ability to withstand inhospitable environments, by 
freeze tolerance or dessication avoidance. They have also been found in association 
with other organisms, particularly beetles. Halicephalobus spp. have been described 
from epizoic algae on crabs and even from tumours in a horse's mouth (De Ley 1995). 
Cephalobidae form a well-supported monophyly in all analyses and topology within the 
family is the same by MP and ML analysis. Acrobeles spp. form a sister group to the 
others, of which Acrobeloides and Cephalobus are grouped together and form a 
monophly with Zeldia with which Triligulla forms a sister taxon. All of these positions 
with the exception of Triligulla are significantly supported. The highly elaborate labial 
probolae characteristic of Cephalobidae are most pronounced in Acrobeles spp. these 
form a sister group to the others, in which the derived state appears to be the reduction 
or simplification of probolae structure. Triligulla is basal to the group and has probolae 
which bifurcate twice and separate lips, similar to Acrobeles. Zeldia spp. have low 
-- rounded to biacute probolae with lips fused in pairs. Cephalobus and Acrobeloides 
have variable cephalic and labial probolae which are generally small to almost absent 
(De Ley 1995). That the trend is toward reduction or simplification of cephalic 
structures is surprising as the probolae appear to be highly developed 'brushes' which 
act to sweep bacteria into the oral cavity. Sampling of Acrolobinae may help resolve the 
direction of character change, as they possess a crown lip region similar to 
Teratocephalus (and Panagrobelus). Acrolobinae may also help define the relationship 
between Cephalobidae and Panagrolaimidae. By ML analysis (fig. 14.3) a 
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Cephalobina monophyly is represented by the families Cephalobidae and 
Panagrolaimidae. This monophyly is not statistically supported but was formed from a 
starting tree in which Cephalobidae were grouped with Tylenchida. Although both 
families are classified as Cephalobina there is actually little morphological support for 
the grouping. Panagrolaimids range from cephalibid-like to rhabditid-like and thus 
represent intermediate forms (Dc Ley 1995) between the suborders. The most striking 
difference between the families is at the genetic level. The Cephalobidae sampled here 
form a well-supported genetically similar group. Panagrolaimids on the other hand, 
exhibit some of the longest branch-lengths within Nematoda. In addition to 
morphological characteristics, Cephalobidae and Panagrolaimidae share the ability to 
withstand environmental extremes. This is achieved by effecting resistant developmental 
stages. This resistance has evolved independently in the two lineages however: in 
Cephalobidae a general mechanism is effected for any and all larval stages but 
Panagrolaimidae exhibit the dauer formation mechanism, an L3 resistant stage common 
in Rhabditina. This, and the fact that most other long-branches are evident within 
Rhabditina may suggest a common origin for Panagrolaimidae and Rhabditina, the root 
of which has long been refractive to phylogenetic inference. 
Aphelenchoidea: a prelude to plant parasitism? 
Aphelenchina are shown to be paraphyletic, although both are shown by ML analysis 
(fig. 14.3) to form basal lineages within Tylenchida. The position of the aphalenchs is 
consistent with the view that they represent the ancestral phenotype within Tylenchida. 
Most aphelenchs are fungivores but they have developed elaborate mechanisms for 
dispersal. For example, piercing hyphae and feeding during sporulation. When the 
fungal spores explode, the nematodes are dispersed (Thorne 1961). Aphelenchs have 
smaller stylets with no basal thickening and less muscular apparatus for stylet 
extension. Aphelench parasites of plants parasitise bud and foliar regions. This is 
consistent with the use of insects as paratenic hosts. The association with insects can be 
highly developed. Bursaphelenchus for example; is carried from tree to tree (conifers)-- - - - 
by phoretic association with Dendroctonus, the mountain pine beetle. Nematode eggs 
are laid under bark and the developing larvae bore into the wood. L3 larvae moult to the 
fourth stage on the beetle pupa case. As the adult beetle emerges, the L4 larvae display 
nictating behaviour and propel themselves onto the adult beetle. They then migrate to 
the beetle trachea to resume development before being carried to the next tree. This is a 
highly developed behaviour indicated by the unusual developmental arrest at the IA 
stage, presumably attuned to the beetle life-history. The association with beetles is 
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mutualistic as the nematode provides the necessary environment, by weakening parts of 
the tree, for the beetle to lay its eggs. In terms of morphology Bursaphelenchus is mis-
named. The 'bursa' is actually a thin alae with no papillae support. Bursaphelenchus 
also has oval median valvular bulb and a well sclerotised lip region for burrowing. 
Aphelenchus does have a bursa, supported by at least three pairs of genital papillae. 
Most aphelenchs can sustain themselves on fungi in the absence of available plants but 
are slow to develop (Maggenti 1981). Ditylenchus forms a basal lineage within 
Tylenchoidea. This position is indicated by NJ (fig. 14.2) and ML (fig. 14.3) analysis 
and is significantly supported by the latter (fig. 14.4). By ML analysis, Ditylenchus is 
grouped with Bursaphelenchus. This is ecologically correlated as Ditylenchus inhabits 
beetle wood tunnels and can feed on fungi, but is an obligate parasite. The other 
tylenchids form a significantly supported monophyly of root parasites. Parasitic and 
mutualistic associations with insects are common within Tylenchida. This is not 
surprising given the close correlation in species radiations between angiosperms, 
insects, and nematodes (Maggenti 1983). 
Tylenchoidea: the development ofgalls and root-knots 
Topology is variable within the tylenchid root nematodes but two groups are 
consistently supported. Firstly, a group comprised of Helicotylenchus, Globodera, 
Scutellonema, and Rotylenchus is supported by all analyses and is fully resolved by NJ 
(fig. 14.2) and ML (fig. 14.4). Rotylenchus and Scutellonema group together with 
significant support and are classified within the same subfamily, Hoplolaiminae. They 
share similar morphologies and wide host distribution. The cyst nematode Globodera 
pallida is significantly supported as a sister taxon to the Hoplolaiminae spp. and the 
group is completed with the addition of Helicotylenchus. This monophyly is comprised 
of spiral nematodes from which Globodera apparently arose. Sexual dimorphism is 
common in this group as is parthenogenetic reproduction and a wide host range but the 
differentiation of cuticle morphology in particular, marks out this group. In spiral 
nematodes the cuticle is characterised by coarse annules, which extend to the contours -
of the tail. The adult female Globodera cuticle is completely transformed into a tough 
cyst-like sack, which protects the eggs and emerging larvae. Globodera cysts are 
common in tubers (Thorne 1961). 
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The second supported group within the root nematodes is the genus Meloidogyne, 
which form a dade, distinct from the other tylenchids. Infection by Meloidogyne results 
in gall formation leading to their common name of root-knot nematodes. Root-knot 
injury is associated with plant parasitic fungi. Galls contain females with morphologies 
from elongate to spherical (Thorne 1961). Males, which lack a bursa, are common but 
the females are parthenogenetic. By ML analysis (fig. 14.3) the closest relative to 
Meloidogyne is Pratylenchus, a lesion nematode, perhaps suggestive of a common 
mechanism of host entry. Genomes of Meloidogyne have distinct and interesting 
characteristics including an alternative spliced leader exon (Koltai, Spiegel et al. 1997) 
and AT-rich DNA both in mitochondrial (Hugall, Stanton et al. 1997) and nuclear 
satellite (Castagnone-Sereno, Semblat et al. 1998) sequences. Mitochondrial nucleotide 
divergence between M hapla (not sampled) and M javanica is greater than is seen 
between Ascaris suum and Caenorhabditis elegans (Hugall, Stanton et al. 1997). In 
contrast, mitochondrial DNA divergence between M javanica, M arenaria, and M 
incognita is low, as is the divergence shown here between SSU rDNA sequences. It 
would be interesting to see if the SSU rDNA sequence of M hapla was similarly 
divergent. High AT-bias is proposed to facilitate an increase in evolutionary rates of 
sequence change and may also be positively correlated with the rate of oxidative DNA 
damage, further increasing mutation rate (Hugall, Stanton et al. 1997). As AT-rich 
satellite DNA comprises 20% of the Meloidogyne fallax genome, this may provide a 
mechanism for rapid molecular evolution in terms of unequal crossing over and gene 
conversion. The AT content of Meloidogyne arenaria SSU rDNA sequence is not high 
(54%) but the level of di- and tri-nucleotide repeats of all combinations of A and T is 
higher than would be expected from chance with AAA occurring almost 50% more than 
would be expected (personal observations). Sequence divergence is low between the 
three Meloidogyne sequences sampled here but relatively high between the genus and 
the rest of Tylenchida. The long-branch, which supports the genus, is probably the 
result of a relative increase in molecular evolution. Similarly, care is required in 
proposing a temporal divergence based on sequence divergence between M hapla and 
other Melbidogyñe species.- - - 
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15 PHYLOGENETIC ANALYSIS OF STRONGYLOIDOIDEA 
Introduction 
In addition to Cephaloboidea and Panagrolaimoidea (see Ch. 14), a third Cephalobina 
superfamily has been proposed (DC Ley 1995). Strongyloidoidea is comprised of 
members of Rhabditida, which share features of Rhabditina and Cephaloboidea but do 
not fit exclusively with either of these groups. Members of Strongyloidoidea exhibit the 
long narrow stegostom common in Cephaloboidea but also didelphic gonads, more 
common in Rhabditina. As number of gonads is not phylogenetically informative, 
Strongyloidoidea is included here in Cephalobina. Members of the superfamily are 
Stemernematidae, Strongyloididae and Alloionematidae. Molecular analysis has 
confirmed a close relationship between Steinemematidae and Strongyloididae (Blaxter, 
De Ley et al. 1998) but within a dade also comprised of Panagrolaimidae. Members of 
Panagrolaimidae also represent a mixture of the lifestyles found in Cephaloboidea and 
Rhabditina (De Ley 1995). Some dauer stages have been reported and associations 
with other animals, most notably insects. Most Panagrolaimidae have monodelphic 
females and stoma structure diagnostic of Cephalobina but others such as 
Halicephalobus have a valvate median bulb diagnostic of Rhabditina. Strongyloidoidea 
may have origins within Panagrolaimidae, in association with insects. This is analogous 
to the apparent emergence of Strongylida from within Rhabditina (see Ch. 12). 
Steinemematidae and Heterorhabditis share the same trophic ecology, as previously 
described. An essential difference however with the life cycle of Steinernema is that 
reproduction is by amphimixis and therefore both sexes must invade the host. The 
necessity for sexual reproduction may be a key feature common to Strongyloidoidea. 
Strongyloides species have alternating lifecycles in which the parasitic form reproduces 
by mitotic parthenogenesis and the free-living adults reproduce amphimictically (Viney, 
Mathews et al. 1993; Viney 1994). This has important implications for this particular 
form of parasitism. Strongyloides species are often cited as intermediate examples in 
the evolution of parasitism, suggesting That that the free-living cycle may eventually be  
lost. On the contrary, the existence of mechanisms for sexual reproduction and parasite 
dispersal within the free-living stage suggests that it may be actively selected for. In 
addition, exit from the host and subsequent random assortment by sexual reproduction 
may help the parasite evade the host immune response and increase variation for 
immune avoidance in the new host. This suggests a highly developed parasitic mode of 
life. Parastrongyloides spp. are distinguished by the presence of parasitic males. If 
sexual reproduction occurs within the host then selection for the maintenance of a free- 
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living generation would likely be reduced. This issue may be resolved by genetic 
analysis, as although sperm is found in the parasitic female (Mackerras 1959), genetic 
exchange has not been established. 
The mechanism of entry to the host, and maintenance within the host by Strongyloides 
spp. seems highly adapted and differs from Strongylida. Percutaneous transmission by 
the Strongylida parasite Ancylostoma, may be facilitated by other mechanisms such as 
skin trauma or surface tension caused by dessication and they cannot enter skin under 
water (Goodey 1925). Strongyloides however can penetrate and enter skin unaided and 
also under water (Goodey 1925). This suggests different mechanisms of attachment to 
the host, further evidenced by immunological data which shows that parasite expulsion 
from the host requires different immunological mechanisms. Within the gut of the host, 
certain Strongylida e.g. Nippostrongylus can be expelled by a primary immune 
response, which is mast cell independent (Maizels and Holland 1998). Goblet cell 
proliferation and mucin secretion is sufficient to entrap and expel the parasites. 
Expulsion of Strongyloides however, requires a primary or secondary response, with 
mast cell degranulation (Maizels and Holland 1998). This has the effect of increasing 
intestinal permeability, smooth muscle contraction and net fluid secretion. 
Strongyloides appear to possess highly effective mechanisms for attachment and 
migration suggesting that the parasitic mechanism, and thus life cycle, exhibited by 
Strongyloides is both efficient and highly developed. 
An alternating free-living and parasitic life history is shared with other rhabditid 
nematodes including Alloionema and Rhabdias spp. Some tylenchid parasites may 
have 'free-living' phytophagous cycles but the mechanism of penetration into the host 
is the same and so the 'phytophagous' cycle cannot be said to be free-living. It is an 
association with bacteria and not fungi which is indicative of free-living stages (and of 
the close free-living relatives) of vertebrate parasites. Alloionema is a parasite of snails 
and slugs. In this respect it has been thought of as close to Strongylida in which 
molüscs are sometimes used as intermediate hosts (Maggenti 1981). Alloioneinü may 
have multiple free-living generations but are ultimately obligately parasitic. In common 
with Steinernema, parasites of both sexes must invade the host. Another alloionematid, 
Rhabditophanes has been discovered from dead snails (P. De Ley, pers. comm.) and 
although can exist as a free-living bacteriovore may be falcultatively parasitic. 
Rhabditophanes also shares some life history characteristics with Bursaphelencus 
including beetle tunnel habitat and beetle transport mechanism. The dauer larvae of 
Rhabditophanes however are conventional third stage larvae as opposed to the fourth 
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stage 'dauers' of Bursaphelenchus. Rhabdias bufonis is a lung parasite of amphibians. 
The alternating life history is strictly controlled i.e. the parasitic protandrous 
hermaphrodites always gives rise to the free-living sexual generation and vice versa, 
and in contrast to Strongyloides, is not altered by environmental conditions. The free-
living generation of Rhabdias may exist purely as a mechanism for dispersal and 
genetic variation, as males degenerate within hours and females within days (Spieler 
and Schierenberg 1995). Rhabdias females have a small vulva, which cannot apparently 
pass eggs (although matricidal internal hatching is common in free-living rhabditida) 
and are characterised by high numbers and low fecundity, the opposite of the parasitic 
generation (Spieler and Schierenberg 1995). Although Rhabdias is not a gut parasite 
like Strongyloides, migration patterns to the lungs are common in both species. The 
shared tracheal migration route and requirement for an amphimictic generation suggests 
a common origin for this mode of parasitism. 
Methods 
Strongyloidoidea is represented by 2 Strongyloides spp., 1 Parastrongyloides, 1 
alloionematid (Rhabditophanes), and 2 Steinernema spp. Rhabdias bufonis is also 
included as are 4 Panagrolaimidae and 6 Cephalobidae for comparison. One 
representative each from Ascaridida, Spirurida, amd Rhigonematida are included as 
outgroups. This dataset is not full-length but is shortened to accommodate the inclusion 
of the incomplete R. bufonis sequence which at 1230bp is 300-500 bp shorter than the 
other full-length sequences. Topology is exactly the same and levels of support are 
comparable with analysis of full-length sequence. Initial trees were generated by .MP 
and NJ methods. MP analysis based on ten replicates, each saving ten trees resulted in 
a single most parsimonious reconstruction. NJ, employing minimum evolution criterion 
on LogDet transformed data, resulted in a second tree. Both trees were statistically 
assessed to provide a starting tree for ML analysis. ML parameters incorporating a 
proportion of invariable sites were estimated on the starting tree and fixed for 
subsequent ML heuristic search using the GTR model of nucleotide substitutioni The 
resulting ML tree was statistically compared against the starting tree. Statistical 
evaluation of topology employed the bootstrap procedure (200 replications) using MP, 
and NJ methods with both LogDet and ML distance correction. 
131 
Results 
MP and NJ methods converged on identical trees by all statistical evaluation (P = 1.0). 
Highly significant levels of support were provided for all bifurcations by all methods, 
and the trees were fully resolved. In addition ML analysis could find no more likely 
tree (P= 0.9) with slight adjustment of the branch lengths. That all methods converge 
on the same tree with comparable levels of support is strongly suggestive of a robust 
topology. The tree produced by ML is shown in figure 15.1 and a cladogram showing 
levels of support by NJ bootstrap employing ML parameters based on the ML tree, is 
shown in Figure 15.2. From fig. 15.1, a clear difference is shown between branch-
lengths within Cephalobidae and those within a group comprised of Panagrolaimidae 
and Strongyloidoidea. Panagrolaimidae are shown as a sister group to 
Strongyloidoidea in contrast to a previous analysis in which Panagrolaimidae were 
closer to Strongyloides with Steinemematidae as a sister group (Blaxter, De Ley et al. 
1998). Steinernematidae form a basal lineage within Strongyloidoidea, forming a sister 
group to a vertebrate parasitic (except Rhabditophanes) monophyly. Rhabdias bufonis 
is basal within this monophyly and Rhabditophanes forms a sister taxon to 
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Maximum Likelihood phylogram (see fig 15.2). Strongyloidoidea branches are in blue. 
Numbers refer to proposed evolutionary junctures in the evolution of parasitism within 
this group. 1 = development of anterio-radial thigmotaxis, 2 	development Of -- 
heterogonic life cycles, alternately free-living and parasitic in gastropod mantle. 3 = 
lateral transfer of parasite to amphibia using gastropod intermediate host. 4 = reversal 
from gastropod parasitic to free-living phenotype. 5 = lateral transfer of parasite to 
mammals, and establishment of parasite in alimentary tract. See text for details. 
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Figure 15.2 
Cladogram showing levels of support for the branching order shown in fig. 15.1. This 
tree was produced by Neighbour Joining bootstrap (200 replicates) with minimum 
evolution criterion and distance correction supplied by ML parameters for rate 
heterogeneity based on the tree in fig. 15.1. MP, NJ, and ML methods all converge on 
this topology with comparable levels of support. Analysis was carried out on partial 
SSUrDNA sequence (- 75% of the gene). Taxonomic groups are labelled and indicated 
by coloured band. See fig. 15.1 and text for details. 
Discussion 
An insect association? 
Panagrolaimidae and Strongyloidoidea are sister groups within a monophyly 
commanding highly significant support. All members of this monophyly that are not 
vertebrate parasites associate with insects. Proposing an insect parasitic ancestry for the 
vertebrate parasitism depicted here cannot however be substantiated as there are no true 
insect parasites within the group. Steinernematids kill their hosts via a toxic bacterial 
symbiont in a mechanism analogous to Heterorhabditis. Their association is with dead 
insects, which provide the necessary nutritional environment for emerging larvae; 
development does not take place while the insect is alive. In addition, the free-living 
stages of the vertebrate parasites do not associate with insects, phoretically or otherwise. 
Transmission of the vertebrate parasites is almost exclusively by a percutaneous route, 
providing further evidence that an ancestral oral transmission by ingestion of an 
infected arthropod provides an unlikely explanation for the establishment and 
maintenance of Strongyloidoidea parasitism in vertebrates. Rhabditophanes is shown 
as a sister taxon to Strongyoididae. Rhabditophanes is free-living but the larvae display 
a phoretic association with beetles, but only by external attachment and subsequent 
dispersal. They are not found associated with the internal body cavity. 
Parasitic origins: a cellular basis 
The origins of parasitism within Strongyloidoidea lie with the ability to recognise and 
attach firmly to a host, a trait employed even by the free-living Rhabditophanes. The L3 
larvae of Strongyloides stercoralis have 16 putative mechanosensillae (Fine, Ashton et 
al. 1997) in addition to the main chemosensillae, the amphids. Six sensillae are outer 
labial, four are cephalic, and six are inner labial sensillae, including lateral, dorsal, and 
ventral pairs. The neuronal cells of these sensillae have been compared to homologues 
-- - inLdaiièrs' o fC. elegáns and An cylostonid --(Firie, Ashton et - aL 1997). The -6 inner 
labial sensillae surrounding the mouth of C. elegans open to the environment i.e. are 
chemoreceptors. In both Strongyloides and Ancylostoma, however, the sensory endings 
are closed by a thin film of cuticle i.e. the parasites have adapted the chemoreceptors to 
mechanoreceptors. In Strongyloides, but not C. elegans, neurons of two lateral sensillae 
extend distally ending in complex foot shaped mechanoreceptors. 6 outer labial and 4 
cephalic neurons are closed in all three species, forming a standard mechanoreception 
mechanism. In C. elegans and Ancylostoma the sensory endings of the cephalic 
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neurons are frontally engaged. The same sensory endings in Strongyloides however are 
more exposed with reference to anterio-radial interaction. C. elegans exhibits nose-
touch avoidance. Accessory neurons, which help facilitate this reaction, are missing in 
both the parasitic species (Fine, Ashton et al. 1997). The comparative neuro-analysis 
illustrates two things: firstly confirming that C. elegans is more closely related to 
hookworms than Strongyloides, and secondly providing a possible mechanism for both 
the evolution of percutaneous transmission and of the different attachment and 
migration patterns observed in Sfrongyloides and Ancylostoma. The cephalic 
mechanoreceptors of Strongyloides contact the environment in a radial fashion in 
addition to initial contact from the front. These sensillae exhibit positive thigmotaxis i.e. 
they are touch and stretch receptors adapted to initiate skin penetration by finding 
irregularities such as point of access e.g. between skin cells or hair follicles. These 
mechanoreceptors in concert with the distal extension of lateral labial neurons facilitate 
migration through the tissue. This cellular basis for the different attachment and 
migratory mechanisms of Strongyloides and Ancylostoma concurs with the 
immunological and ecological evidence presented earlier. Taken together, the evidence 
supports the phylogeny, suggesting distinct and separate origins of parasitism for these 
two parasitic groups. 
The rise and fall ofparasitism 
At the most basic level, the development of percutaneous transmission within 
Strongyloides appears to require cuticularisation of six sensillae and loss of touch 
avoidance neurons. This has happened twice in Rhabditida; in the ancestors of 
Strongylida and Strongyloididae. Rhabdias bufonis is shown to be a sister taxon to 
Strongyloididae and displays similar modes of entry and migration. This suggests a 
common origin for parasitism within the group. The free-living Rhabditophanes sp. 
however, is shown to be more closely related to Strongyloididae than Rhabdias. 
Parasitism either, arose once within the group and was subsequently lost in 
- - Rhábditohãhé Of arose- twice, hr Rhabdias and Strongyloididae. Mechanism- of host 
attachment and entry of Rhabdias has parallels with Strongylida rather than 
Strongyloididae in that larvae of the snake parasite Rhabdias fuscovenosa require 
mechanical exsheathing (see Ch 12). In addition, the larvae do not attach to the host in 
an aqueous environment (Goodey 1925). Steinernema forms a basal lineage to both 
Rhabdias and Strongyloididae and may help elucidate a common mechanism within the 
group for host penetration. Whereas in Heterorhabditis, the larvae can pierce the host 
cuticle and gain entry, Steinernema primarily enters through body orifices such as 
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malphigian tubules. This suggests that Steinernema, possesses the anterio-radial 
mechanoreception of Strongyloides. If parasitism arose twice in the group then it must 
be assumed that the alternate free-living life cycle, anterio-radial mechanoreception, and 
tracheal migration also arose independently, which is highly improbable. A single 
origin for parasitism is more likely, and thus Rhabditophanes represents the first 
known example of reversal of true parasitism in a metazoan. This may be tested by 
examination of the anterior sensillae of Steinernema, Rhabdias or Rhabditophanes. Of 
the known trophic ecology of Rhabditophanes, namely snail carcasses, rotting 
vegetation, compost, and beetle tunnels, similarities are evident to the trophisms of 
steinernematids and may represent a recapitulation after an extended number of free-
living cycles. The only other Alloionematidae member is Alloionema (not sampled 
here), a parasite of slugs and snails. Alloionema may have many free-living cycles. It is 
conceivable that free-living cycles may have become extended in the absence of a host 
reservoir until the free-living life history displayed by Rhabditophanes becomes 
established. Rhabditophanes actually displays a curious developmental dimorphism 
between larval and adult stages, which may be indicative of a previous heterogonic 
existence. The Ll and L2 larvae display an unusual conical anterior region with two 
minute semicircular lips whereas the adult form has four lips fused dorsally and 
ventrally (De Ley 1995) and is similar to free-living stages of Strongyloides. Diagnosis 
of the family Alloionematidae is based on numbers of genital papillae at up to six (Dc 
Ley 1995), a phenotype shared with Strongyloides (Speare 1989). Essentially, the 
differential diagnosis of Rhabditophanes from Strongyloides is that the former is free-
living (De Ley 1995). 
A heterogonic switch 
The cellular basis for the control of developmental switching in Strongyloides 
stercoralis has been elucidated (Ashton, Bophale et al. 1998). The ablation of two 
amphidial neurons (ASF and ASI) in Li larvae results in homogonic development only 
i.e.- the lai'ae develop to the infective L3 - stage rather -than free-living -adults.- -The------ --
amphidial neurons have homologues in C. elegans, which act to signal the resumption 
of development from the dauer stage under the appropriate environmental cues. 
Ablation of both amphidial neurons is required perhaps suggesting an element of 
redundancy. This may provide a cellular mechanism for the development of parasitism 
(Ashton, Bophale et al. 1998). The response to environmental cues necessary for the 
continuation of development is likely to vary within populations. Thus, successive slight 
changes in environmental cues may ultimately result in selection for different 
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environments. Similarly, reversal of parasitism within Rhabditophanes may have 
occurred over many free-living generations by successive close approximations of the 
environmental signals required for 'dauer' recovery. 
A molecular mechanism for the reversal ofparasitism 
Strongyloides Ll larvae are determined for either heterogonic or homogonic 
development. This is supported by differential expression patterns of genes within the 
Li larvae. A higher level of expression of a gene product encoding a zinc-finger motif 
is evident from Lls determined for the heterogonic route (M. Viney pers. comm.). Zinc 
fingers are common motifs in gene expression and regulation. If determination to a 
free-living cycle results from such a regulatory mechanism then it is possible to 
envisage a situation in which a mutation in an upstream binding site of a negatively 
regulated zinc-finger gene can result in over- or constitutive expression leading to a 
permanent free-living state. That some Strongyiididae and Alloionema can have 
multiple free-living generations may support this mechanism. Since mutations are more 
likely to result in reduced expression, the reverse is also possible, resulting in only 
homogonic parasitic life-cycles. Some Strongyloides e.g. S. westeri never have free-
living cycles. The genetic basis for a free-living generation remains to be established. 
Sexual reproduction by parasites, and concomitant random assortment is driven by the 
host immune system in an attempt by the parasite to counter specific immunity 
(Gemmill, Vmey et al. 1997). This provides a mechanism for the maintenance of a 
sexual, free-living generation in Strongyloides and Rhabditis, in which parasite progeny 
are clonally produced. It does not however explain the existence of free-living 
generations in Alloionema and Parastrongyloides, in which infection is by parasites of 
both sexes. In addition, these taxa can have multiple free-living cycles. Selection for 
parasitism in Alloionema may be weak and essentially facultative, determined only by 
certain strong environmental cues. This is supported by the reversal of parasitism in 
Rhabditophanes. Parasitism in Parastrongyloides is however, obligatory and a free-
livihg cycle th ay-  serve- ptimrily to disperse the infective larvae;- --- - 
The evolution of the parasitic phenotype requires coordinate acquisition of many novel 
traits and thus reversion to a free-living state is thought to be unlikely. Reversal of the 
parasitic phenotype to a free-living state has been proposed for flagellated protists 
within the Diplomonadida (Siddall, Brooks et al. 1992) but nematode parasites, which 
exhibit alternating life histories provide the most likely candidates for parasitic reversal 
among metazoans (Siddall, Brooks et al. 1992; Poulin 1998). Dollo's law would attest 
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that the high degree of specialisation involved in parasitism is irreversible and that 
structures and functions once lost are not regained. By establishing an alternating life 
history however, Strongyloidoidea retain the genetic capacity for both free-living and 
parasitic life-cycles. It is possible that within the Rhabditophanes lineage, the capacity 
for parasitism has been lost and the genetic basis for a free-living mode prevailed. The 
position of Rhabditophanes as a sister group to Strongyloididae is unequivocal as both 
share a synapomorphic secondary structure within the variable V2 region of the SSU 
rDNA gene (see Ch. 6, and fig. 6.1). The phylogenetic positions of Rhabdias and 
Steinernematidae are also unequivocal given the highly significant support conferred on 
all bifurcations by all phylogenetic methods. 
Sex and selection 
Parastrongyloides forms a sister taxon to Strongyloides and undoubtedly represents 
the ancestral Strongyloides parasitic phenotype, given the ancestral amphimictic 
reproductive strategy of Steinernema and Alloionema. In derived parasites of both 
Strongyloides and Rhabdias, parthenogenesis and hermaphroditism have taken over 
respectively to enable a clonally derived increase in brood size. Parastrongyloides was 
first described from moles and shrews (Morgan 1928). The female parasite was 
distinguished from Strongyloides on the basis of a distinct vestibule and well defined 
receptaculum seminis both described as Rhabdias-like (Morgan 1928). Subsequently, 
the only difference between the two Strongyloididae was asserted to be the existence of 
parasitic males in Parastrongyloides infections (Mackerras 1959). As well as the 
existence of parasitic males, the first description noted the presence of two different 
sized females. It is possible that a mixed infection by two different species was being 
observed. The descriptions of the remaining two species of Parastrongyloides also 
describe mixed infections (Mackerras 1959) and in personal observations of fixed 
Parastrongyloides, a strongylid parasite was also found. Strongyloides species are 
rarely found in mixed infections. This raises the possibility that just as the specific host 
immunity -drives sexual -reproduction- in afree4iving-cycle, perhaps -immune -assault-bya-
mixed population of parasites results in a primary immune response selecting for 
sexual reproduction within the host. This may provide a mechanism for the 
maintenance of parasitic males in Parastrongyloides infections. Strongyloides ratti 
infections are characterised only by parasitic females. However, parasitic female biased 
sex ratios are proposed to deviate from unity to increase sexual reproduction and 
concomitantly increase chances for survival under high intensities of infection (Poulin 
1998). Perhaps in some Strongyloides infections, parasitic males are present in 
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extremely low frequencies but after copulation in the lung or respiratory tract, the males 
die and the females continue to the gut. This would provide a reason for the apparent 
absence of males, as they would not be found in the alimentary tract. Parasitic males 
have been described from the respiratory tract of a dog (Faust 1933) but this has been 
largely discounted. 
An evolutionary hypothesis for Strongyloidoidea 
Five major evolutionary parasitic adaptations within Strongyloidoidea are proposed and 
are mapped to the phylogeny shown in fig. 15.1. These include the development of 
anterio-radial thigmotaxis, the development of heterogonic life cycles, horizontal 
transfer of parasite to amphibia using gastropod intermediate host, reversal from 
gastropod parasitic to free-living phenotype, and finally horizontal transfer of the 
parasite to mammals and establishment of parasite in alimentary tract. If these 
adaptations can be accepted then the following evolutionary hypothesis for 
Strongyloidoidea may be proposed. The common ancestor within Strongyloidoidea 
was free-living with no more than a phoretic association with insects. Two amphimictic 
lineages became established after development of anterio-radial thigmotaxis, one within 
the haemocoel of insects giving rise to Steinernema and the other perhaps a facultative 
parasite within the haemocoel of terrestrial gastropods. Within the gastropod parasite 
lineage, the heterogonic lifestyle became established, perhaps as a result of an 
abundance of available hosts and a genetic predisposition for thigmotactic burrowing, 
but neutral selective pressure for either life cycle. At some point the larvae migrated to, 
or were carried to the highly vascularised gastropod mantle where they became 
established. An alternating life cycle developed which was predominantly free living but 
perhaps facultatively parasitic under low nutritional availability or increased population. 
An early divergence within the gastropod parasitic lineage is required to transfer and 
establish parasites in amphibians and then reptiles, using the gastropod as transport 
hosts and giving rise to Rhabdias spp. This is supported by the life-history of 
Rhiibdiüsbufonisin which snails are used as transport-hosts. If parasitism did originate--
in gastropods and was directed to the gastropod mantle, then parasitism within the 
amphibian lung seems a natural progression. Rhabdias parasitism in amphibians is 
highly effective and males were lost in favour of protandrous hermaphrodites but 
selection pressure for sexual reproduction may have increased, and thus the barest 
minimum of free-living stage became established. Gastropod parasitism was retained in 
Alloionema but at a quasi-facultative level with multiple free-living generations. In a 
certain gastropod parasite population, neuronal reception for the environmental cues for 
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development to the parasitic stage were lost, either as a single event or by gradual 
adaptation. It is possible that anterio-radial reception was lost or diminished, especially 
since Rhabditophanes attaches but does not attempt to migrate. Now free-living, these 
nematodes recapitulated a phoretic association with insects. A second lateral transfer 
from gastropods is required for the establishment of Strongyloididae. Perhaps the 
parasites were transferred to small foraging mammals, migrated to the lungs to continue 
development, and were carried to the gut by the poweful ciliatory action of the tracheal 
escalator. This establishes Parastrongyloides and the origins of the tracheal migration 
route. Strongyloides is then established throughout a wide host range by dissemination 
of eggs or larvae by foraging mammals. As with Rhabdias spp. who have had a much 
longer parasitic association with vertebrates, males are lost in favour of increased 
fecundity but the free-living cycle is maintained due to selective pressures of the host 
immune mechanisms and for dispersal of infective larvae. The Rhabdias lineage 
probably coevolved with their hosts. The Rhabdias bufonis life-cycle is strictly 
controlled and highly adapted and in Rhabdias fuscovenosa, the life-cycle is 
homogonic and the larvae have evolved thick cuticles to withstand dessication. 
Unsheathing of the infective L3s can only be accomplished by migration in between the 
scales of the snake host (Goodey 1924). In comparison, the variation in life-history 
within Strongyloides indicates recent host acquisition (the radiation of Strongyloides 
spp is discussed in Ch., 17). In order to test this evolutionary hypothesis, for the 
development and radiation of Strongyloidoidea, the other two described 
Parastrongyloides spp. and the snail parasite Alloionema must be sampled. If further 
Parastrongyloides spp. grouped unambiguously with P. trichosuri, this would support 
the classification of Parastrongyloides as a genus, distinct from Strongyloides and 
would suggest that the presence of parasitic males is likely to be confined to 
Parastrongyloides. Fixed P. peremalis tissue was available for analysis but the SSU 
rDNA sequence could not be amplified. If Alloionema was included and grouped with 
Rhabditophanes, this would lend some weight to a parasitic origin in gastropods and 
subsequent parasitic reversal in Rhabditophanes. If Alloionema and Rhabditophanes 
- - 
	did hat group -together then the parasitic origins from gastropod hosts - - would- not-be------ 	- 
supported and a reversal of parasitism in Rhabditophanes whilst not rejected would 
need to be definitively established. Unfortunately, an Alloionema sample could not be 
found by personal search and proprietors of snail farms were reluctant to accept the 
existence of snail parasites. 
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16 STEINERNEMATID ASSOCIATIONS 
Introduction 
Although the mechanisms differ by which Steinernema and Heterorhabditis have 
aquired the same trophic ecologies, the end requirement is the same i.e. the maintenance 
of a rich nutritional habitat. An association with bacteria defines Rhabditida, not only in 
terms of oral morphology but also in lifestyle determination. While plant parasites have 
evolved from fungivores, animal parasites have evolved from bacteriovores. Most 
nematodes of course feed on microrgarnsms, but the insect pathogens in particular have 
converged on a way to both grow and keep their food, in addition to maximising their 
reproductive potential. Closely related taxa of both vertebrate parasite lineages within 
Rhabditida are insect pathogens that have independently exploited identical habitats. 
This suggests that the mechanisms for vetebrate host utilisation need not be too highly 
specialised by comparison. Entomopathogenic life-history mechanisms are obligately 
linked to bacterial endosymbionts. Thus, the study of the origins and evolution of 
vertebrate parasitism may benefit from a deeper understanding of entomopathogen 
phylogeny and the associations between nematodes and their endosymbionts. 
Morphological taxonomy of steinemematids has been extensive (Poinar 1993; Nguyen 
and Smart 1995; Nguyen and Smart 1996). They are however a morphologically 
similar group and differentiation relies more on morphometric measurement than 
absence or existence of morphological characters. Biochemical (Jagdale, Gordon et al. 
1996) and molecular(Reid and Homimck 1992; Nasmith, Speranzini et al. 1996) 
methods have subsequently been used for identification purposes. There have been 
comparatively few analyses of phylogeny however, and no effective phylogeny based 
on DNA sequence data. Both biochemical (Saux, Mauleon et al. 1998) and sequence 
analysis (Liu, Berry et al. 1997) have determined that diversity is greater between 
steinemematids than between heterorhabditids. This may also be the case for their 
respective endosymbionts (Saux, Mauleon et al. 1998) suggesting coadaptation 
Ketweei nematodeand bacterium. That steinemematids are -more genetically diverse 
than heterorhabditids suggests a deeper phylogenetic history and possible long 
association with the endosymbionts. Phylogenetic analysis of Steinernema may 
elucidate some of their unknown endosymbiont associations as well as provide a 
working phylogenetic framework for the genus. 
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Methods 
Partial SSU rDNA products (see Table 5) were amplified from genomic DNA supplied 
by A. Reid. Sequences were obtained for 12 Steinemematidae: S. intermedium, S. 
affine, S. kraussei, S. feltiae, S. glaseri, S. bicornatum, S. SSL1 and S. SSL2, S. kari, 
S. scapterisci, S. malaysia, and S. carpocapsae. S. SSL1 and S. SSL2 are two 
unidentified steinemematids from Sri Lanka (A. Reid, pers. comm.). Two tylenchid 
sequences, Rotylenchus robustus and Globodera pallida, were used for outgroup 
comparison as they are the closest sequences with relatively short branch lengths. Initial 
phylogenetic trees were produced by MP and NJ methods. MP analysis produced three 
most parsimonious reconstructions, the most likely of which was chosen as a potential 
starting tree. Another potential starting tree was produced by NJ employing minimum 
evolution criteria on LogDet transformed data. Bootstrap evaluation was conducted by 
the same respective methods. The two potential starting trees were statistically 
evaluated to provide a starting tree for ML analysis. ML heuristic search employed the 
GTR model for nucleotide substitution, incorporating a proportion of invariable sites 
and rate heterogeneity parameters estimated from the starting tree. Bootstrap evaluation 
was provided by NJ with distance correction by ML parameters estimated from the ML 
tree. The ML tree was statistically assessed against the starting tree. To assess possible 
nematode-symbiont coevolution, 16 (-'500) Xenorhabdus SSU rDNA sequences from 
databases were aligned by eye then phylogeny inferred by MP, NJ and ML methods. A 
single Photorhabdus strain was used for outgroup comparison. Support was evaluated 
by bootstrap. Endosymbionts included for analysis are outlined in Table 6. 
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Table 6 
Endosymbiotic bacteria of Steinemematidae 
Endosymbiont (-strain) Accession 	 Host 
X. sp 	 AF0798 16 Steinernema sp. 
X. sp 2 U70302 not described 
X. sp 3 U70318 not described 
X japonicus Z76739 not described 
X nematophilus Z77209 S. carpocapsae 
X nematophilus-N24 Z76737 not described 
X nematophilus-riobravis Z76738 S. riobravis 
X poinarii D7801 0 S. glaseri 
X beddingii X82254 not described 
X bovienii U70319 S. feltiae 
X bovienii-IntB 1 X82252 S. intermedium 
X bovienii-IntB2 Z772 10 not described 
X bovienii-SF22 D78007 S. feltiae 
X bovienii-sulc Z77212 S. feltiae 
X bovienii-norv Z77211 S. feltiae 
X bovienii-flhip 	 Z77213 	 S. feltiae 
P. luminescens Z76747 Heterorhabditis spp. 
Results 
Trees produced by MP and NJ analyses are shown in figures 16.1 and 16.2 
respectively. By MP analysis (fig. 16.1), S. affine and S. intermedium group together 
with maximum support and are shown as a sister group to a monophyly comprised of 
the remaining taxa. This monophyly is not supported however and a pairing of S. feltiae 
and S. kraussei is the only other grouping supported. Resolution is improved by NJ 
analysis with both the S. affine and S. intermediun s istergrôup and large 
commanding significant support. In addition, within the monophyly two groups of taxa 
are significantly supported. The first is a fully resolved monophyly comprising S. 
carpocapsae as a sister taxon to S. scapterisci, S. SSL2, and S. malaysia with S. 
scapterisci forming a sister taxon to S. SSL2, and S. malaysia. The second fully 
resolved group shows S. glaseri as a sister taxon to S. feltiae and S. kraussei, which are 
paired with maximum support as with MP analysis. MP and NJ trees were statistically 
evaluated to provide a starting tree for ML analysis. 
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Figure 16.1 
MaümParsimonyphylogmm- of the -genus Steinernema. This-is the most likely f_ 
three most parsimonious reconstructions. Numbers refer to bootstrap support values, 
generated by 200 MP replications, in red if significant support is achieved. This tree is 
not well resolved, with only two pairs of ingroup taxa commanding significant support. 
Tylenchid outgroup taxa are shown in grey. 
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Figure 16.2 
Phylogram produced by Neighbour Joining, employing minimum evolution criterion on 
LogDet transformed data. Bootstrap values are indicated as before. In comparison with 
the MP phylogram (fig. 16.1) this tree is almost fully resolved except for two 
bifurcations (with no numbered support). 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length diff s.d.(diff) 	t 	P * 
MP 	354 	(best) 
NJ 362 8 	4.23332 1.8898 	0.0593 
* Probability of getting a more extreme T-value under the null hypothesis of no 
difference between the two trees (two-tailed test). 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
---------- Templeton ---------- -- Winning-sites --
Tree 	Length Rank sums* N z 	P** 	counts 	P 
MP 	354 	(best) 
NJ 362 123.5 	18-1.8856 0.0593 	13 	0.0963 
-47.5 -5 
* Wilcoxon signed-ranks test statistic is the smaller of the absolute values of the two 
rank sums. 
** Approximate probability of getting a more extreme test statistic under the null 
hypothesis of no difference between the two trees (two-tailed test). 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree 	-In L 	Diff -In L 
	
s.d.(diff) 	T 	P 
MP 	2324.11946 	(best) 
NJ 2330.92849 6.80902 
	
9.65930 	0.7049 0.4811 
* Pbbãbilit)ióf getting aftiore extreme T-valueunderthe null hypothesis -of no - - - - --
difference between the two trees (two-tailed test) 
Despite differing topologies and levels of support, the trees are not significantly 
different although with MP Kishino-Hasegawa analysis the difference approaches 
significance (P = 0.059. The MP tree is better by all analyses and thus was chosen as 
the starting tree for ML analysis. Parameters for rate heterogeneity were estimated from 
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the starting tree and fixed for subsequent ML heuristic search. The resulting tree is 
shown in figure 16.3. This tree was statistically evaluated against the starting tree. 
Maximum Parsimony pairwise tests 
Kishino-Hasegawa test: 
Tree 	Length 	Length duff s.d.(diff) 	t 	P * 
MP 	354 	(best) 
ML 358 4 	3.74120 1.0692 0.2854 
Templeton (Wilcoxon signed-ranks) and winning-sites (sign) tests: 
----------Templeton ---------- -- Winning-sites --
Tree 	Length Rank sums* N 	z 	P 	counts 	P 
MP 	354 	(best) 
ML 358 67.5 	14 -1.0690 	0.2850 	9 	0.4240 
	
-37.5 -5 
Maximum Likelihood pairwise test 
Kishino-Hasegawa test results: 
Tree 	-In L 	Diff -In L s.d.(diff) 	T 	P * 
MP 2222.13870 	0.56190 	4.56640 	0.1231 	0.9021 
ML 2221.57680 (best) 
The MP and ML trees are not significantly different and are almost identical by ML 
pairwise test. Topology by ML analysis however is almost identical to that by NJ 
analysis and not the MP tree. The NJ and ML trees differ with respect to the positions 
- - - of S. .carpocapsae-and S.scapterisci, which occupy he -s - ame alternate positions basal 
to the pairing of S. malaysia with S. SSL2. That NJ ad ML converged on almost 
identical trees, despite ML starting with a different tree, may confer some support for 
the topology. That the ML tree and MP tree are equally likely however, suggests 
adopting an air of caution in inferring this phylogeny. Bootstrap support for the ML 
tree was by NJ, with distance correction supplied by ML parameters based on the ML 
tree. This bootstrap cladogram is shown in figure 16.4. Remarkably, given that both NJ 
and ML trees have almost identical topologies, NJ bootstrap with ML parameters 
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Figure 16.3 
- Maximum Likelihood phylogram. Thi tréè was the betiOUrid by MLheuristic search 	------- 
employing  the GTR model for nucleotide substitution and rate heterogeneity parameters 
based on the starting tree. Topology of this tree is nearly identical to that produced by NJ 
















This is a bootstrap cladogram produced by NJ, with distance correction supplied by ML 
with rate heterogeneity parameters based on the ML tree (fig. 16.3). Levels of support 
are consistent for three main groups (see text for details). This tree groups the two S. 
SSL1 taxa (both from Sri Lanka) together for the first time. Again this is surprising 
given that neither NJ nor ML phylograms propose this pairing. 
both as a pair and also within an extended significantly supported monophyly. This is 
surprising given that S. SSL 1 and S. kari are paired in both ML and NJ topologies, 
with highly significant support for the latter. Nothing is highly unusual about the 
dataset in terms of homoplasy (30%), or rate heterogeneity (35% invariable sites, 1.2 
gamma shape) and branch lengths within the data do not significantly differ. Despite 
the obvious idiosynchrasies certain groups are consistent in all analyses. An S. affine-S. 
intermedium lineage is basal within the genus. The rest of the genus is charcterised by 
two lineages with NJ and ML methods but these are not supported. Three distinct 
groups do however command support. The first groups S. glaseri as a sister taxon to S. 
feltiae and S. kraussei, the pairing of the latter two also significantly supported. A 
pairing of S. kari with S. SSL1 is supported by MP and NJ analysis but not by ML 
which places SSL2 in a third group otherwise with well supported inclusions of S. 
caipocapsae, S. malaysia, S. SSL2, and S. scapterisci. 
Topology and levels of support for Xenorhabdus endosymbiont phylogenies were not 
significantly different by MP, NJ or ML methods (data not shown). The NJ tree is 
shown in figure 16.5 and concurs with previous phylogenies (Brunel, Givaudan et al. 
1997). Two distinct endosymbiont groups are evident. The first is a genetically similar 
X bovienii dade, within which X sp. and X bovienii form a significantly supported 
sister group to the remaining strains. X poinarii forms a sister taxon to the X bovienii 
dade. The second group is formed by the three X nematophilus strains, with which, X 
japonicus forms a poorly supported sister taxon. X beddingii forms a basal lineage 
within the genus. 
Discussion 
Three distinct Steinernema groups are recognised 
The phylogeny presented here is not fully resolved, but for NJ and ML topologies is in 
broad agreement with a previous phylogeny based on RFLP analysis of the ITS region 
(Reid, Hominick et al. 1997). There are other correlates for the patterns shown here. 
For example, all analyses group S. affine and S. intermedium together at the base of the 
tree. These species are morphologically indistinguishable except for the presence of a 
spine in the tail tip of S. affine (Nguyen and Smart 1996). In addition, they have been 
regarded together as as a species complex (Poinar 1993) and exhibit identical RFLP 
patterns (Reid, Hominick et al. 1997). The pairing of S. feltiae with S. kraussei is also 
supported by identical RFLP patterns (Reid, Hominick et al. 1997) and these species 
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Figure 16.5 
Phylogram of the entomopathogenic Xenorhabdus s, produced-boy NJ with ME 
criterion on LogDet transformed data. Strains definitively identified in association with 
their steinernematid host are coloured blue, with the host coloured red and in 
parentheses. MP methods produced the same topology (not shown). X. bovienii has the 
widest host distribution. 
too are morphologically very similar. S. glaseri forms a sister taxon to these two 
species by ML and NJ analysis. Based on RFLP analysis of both ITS and LSUrDNA, 
it has been proposed that S. glaseri and S. jèltiae are the same species (Nasmith, 
Speranzini et al. 1996). Although a close relationship is shown here between these taxa, 
S. feltiae and S. kraussei are closer than either is with S. glaseri. In addition, S. glaseri 
differs from the other two in size and other morphometric characteristics and has been 
distinguished from S. feltiae by isoenzyme profile comparison (Nasmith, Speranzini et 
al. 1996). These three taxa are closely related and form a fully resolved, well-supported 
dade by this analysis. Another well-supported dade comprises S. carpocapsae, S. 
malaysia, S. SSL2, and S. scapterisci. This group all have comparatively short infective 
L3 larvae (Nguyen and Smart 1996). S. carpocapsae and S. scapterisci are 
morphologically similar but are not paired together within this group. This concurs with 
their inability to cross-breed (Reid, Hominick et al. 1997). There are three distinct 
groups that are recognised. Firstly, S. affine and S. intermediuni form a basal lineage 
within the genus. The remaining taxa form two groups. Within the first group there is 
support for a monophyly of S. glaseri, S. kraussei, and S. feltiae and within the second, 
S. carpocapsae, S. malaysia, S. SSL2, and S. scapterisci. There is some evidence for 
the separation of these two groups. For example S. glaseri and S. carpocapsae are 
shown to have very different cellulose-acetate electrophoresis profiles (Jagdale, Gordon 
et al. 1996). In addition, S. feltiae and S. glaseri live in excess of 450 days and exhibit a 
slow rate of lipid utilisation which is correlated with infectivity, whereas S. carpocapsae 
lives for 130 days and exhibits a fast rate of lipid utilisation, not correlated to 
infectivity (Patel, Stolinski et al. 1996). 
The application ofphylogenv to endosymbiont specificity 
Taxonomy and phylogeny of Steinernema is currently in a state of flux, mainly for two 
reasons. Firstly, species within the genera are morphologically similar, and secondly, 
the genus has been largely ignored until becoming commercially viable in recent years. 
As a result many descriptions of new species lack the thoroughness of classical 
nematode identification schema and are often noted as Steinernema sp. without proper 
descriptions of morphology and biogeography. Molecular phylogenies are thus 
hampered by the inabilty to apply comparative methodology. This situation is 
compounded when relating steinemematids to their endosymbionts. Phylogeny of the 
endosymbionts is also hampered by classification inconsistencies concerning species 
and strains and lack of a coherent strain nomenclature. Comparison of nematode and 
symbiont phylogenies is further complicated due to their independent sampling and 
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description. Nevertheless, it is possible to directly compare nematode and symbiont 
phylogenies for which a definative association can be made. This comparison is shown 
in figure 16.6. The trees are congruent with the exception of S. intermedium and its 
endosymbiont. It is highly possible that an error in identification could have been made 
in assigning this Xenorhabdus strain to this nematode. S. bovienii does however have 
the widest host distribution and strains have been isolated (but rarely identified) from S. 
kraussei, S. intermedium, S. affIne, and S. feltiae. S. affine groups with S. intermedium, 
basal to the tree, and also harbours an X bovienii strain. Since the X bovienii strains are 
genetically similar (see fig. 16.5), this suggests that perhaps host switching may be 
common with S. bovienii and coevolution of nematode and symbiont may not be as 
specific as is thought. This is analogous to the relationship between filarial nematodes 
and their endosymbiotic wolbachiae (see Ch. 10). 
Mechanisms of host specificity 
If host switching occurs in Steinernema, which seems likely, then it may be thought at 
least as extensive in Heterorhabditis spp., which are genetically similar and contain 
endosymbiont strains of a single species (Photorhabdus). This does not seem to be the 
case. When Heterorhabditis bacteriophora are cultured on a strain from another 
Heterorhabditis species, they develop and reproduce, feeding on the bacterial cells, but 
the 'foreign' symbionts are not retained by the Us (Han and Ehlers 1998). When the 
specific endosymbiont is removed and replaced by different axenic strains the 
nematodes do not reproduce. Thus, L3 recovery can be induced by food signals from 
non-specific strains but resultant reproductive failure ensures a specific association with 
the natural endosymbiont. Interestingly, food signals produced by Xenorhabdus 
species, from Steinernema, do not induce recovery of H. bacteriophora (Han and 
Ehlers 1998). This suggests that the 'food-signals' of Xenorhabdus to Steinernema 
may be more specific than Photorhabdus to Heterorhabditis and that a mechanism of 
steinemematid host specificity may exist. Host specificity certainly occurs within 
Steinernema but via a very different mechanism than that shown for Heterorhabditis-
Photorhabdus associations. L3 recovery was tested for S. scapterisci on a 
Xenorhabdus culture from the closely related S. carpocapsae (Grewal, Matsuura et al. 
1996). This recovery was delayed but the infective L3s retained the endosymbiont and 
were actually more virulent. These separate analyses of L3 recovery suggest that lateral 
transfer of the endosymbiont within Steinernema is much more likely than within 
Heterorhabditis. In addition, that S. carpocapsae is more virulent but also has a much 
shorter lifespan than S. feltiae, suggests that the variation in virulence between 
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Figure 16.6 
Comparison of endosymbiont (left) and host steinernematid (right) topologies for which 
sequence was available and association definitive. All phylogenetic positions are 
significantly supported except for S. inrermedium, which although is shown in a basal 
position within the genus by all analyses only has NJ support at the level of significance 
for this position. The dotted line therefore indicates the most conservative position. This 
figure suggests that endosymbionts do evolve with their hosts but also that host 
switching occurs, at least within strains of Xenorhabdus bovienii. Associations are as 
follows: S. carpocapsae with X. nematophilus (type strain), S. glaseri with X. poinarii, 
S. feltiae with X. bovienii (type strain), and S. intermedium with X. bovienii (strain 
S.intB). Complete congruence, enforced by relocating either S. intermedium or X. 
bovienii (strain S.intB), is rejected by Likelihood ratio test ( P= <<0.001). 
steinernematids may have multiple mechanisms, one of which will likely be the lateral 
transfer of the endosymbiont. 
Is biological control safe? 
Since the commercial application of Steinernema-Xenorhabdus complexes relies on 
specific insecticidal traits, the existence of host switching within steinemematids poses 
a potential problem, as changes in the nematode-endosymbiont relationship are likely to 
affect levels of virulence and insect host specificity. In addition, ants have been shown 
to scavenge significantly more steinernematid-killed than heterorhabditid-killed insects 
(Baur, Kaya et al. 1998). For Steinernena, this provides a dispersal mechanism and 
thus biological control cannot be site-directed. Dispersal of Xenorhabdus spp. may 
also be accomplished by nematodes other than Steinernema, particularly Diplogasterina 
which are occasionally recovered with Stemernema during galleria bait extractions (P. 
Dc Ley, pers. comm.) Photorhabdus is responsible for preventing ants from foraging 
on heterorhabditi d-kil led insects and seems to be the most virulent of endosymbionts 
(Baur, Kaya et al. 1998). It is essential therefore that Heterorhabditis and 
Photorhabdus are obligately associated. This may not however be the case as several 
non-symbiotic isolates of Photorhabdus have been described (Farmer, Jorgensen et al. 
1989). Moreover they were obtained from human wounds, which poses a serious 
potential public health risk given that Photorhabdus is intimately associated with, and 
provides food signals for, the closest relatives of strongylid parasites. It has also been 
established that both Xenorhabdus and Photorhabdus can exist at undetectable (by 
standard culturing methods) levels in both river, soil, and purified water (Morgan, 
Kuntzelmann et al. 1997). While study of the interactions between nematode and 
endosymbiont are at an advanced stage, application of this knowledge is prohibited by 
the lack of coherent, thorough, and consistent systematics. A combined analysis is 
essential to place in context the many associations between endosyrnbiont, nematode, 
insect, and environment. 
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17 PHYLOGENETIC ANALYSIS OF THE GENUS STRONGYLOIDES 
Introduction 
Over forty species of Strongvloides are commonly recognised (Viney 1988). While a 
few amphibian, reptile, and bird species are known, the vast majority parasitise 
mammals, of which many are domesticated, including cats, dogs, and livestock. Ten 
species are represented here from a host range including a snake, livestock, rodents and 
all three recognised parasites of primates. Thus the dataset is representative of the 
genus as a whole. A recent radiation of these parasites is suggested (discussed in Ch. 
15). If this is the case then it may be reflected both in sequence composition and in 
phylogeny inferred from those sequences. In addition to their complex life-histories 
(see Ch. 15), some Strongyloides spp. have unusual patterns of host acquisition and 
radiation. For example, Strongyloides are rarely found in mixed infections yet both S. 
ratti and S. venezuelensis can coexist within the rodent host (Viney 1988). The 
genotypes of these taxa may reflect a competitive evolutionary history. Another 
apparent anomaly exists with the distribution of primate parasites. S. stercoralis has a 
cosmopolitan distribution, perhaps because the human host also has this distribution. 
S. cebus is primarily a parasite of South American non human primates but can infect 
African primates (Viney 1988). The third primate parasite S. fiwileborni, infects both 
human and non-human primates in Africa (Ashford and Barnish 1989). A new human 
strongyloidiasis was discovered in New Guinea (Kelly, Little et al. 1976), but eggs and 
not larvae were passed in the faeces and the ovaries were spiral, indicating that the 
infectious agent was more likely to be S. fuelleborni than S. stercoralis. As such it was 
designated a subspecies of S. flulleborni due to the geographical disparity of New 
Guinea and Africa (Viney, Ashford et al. 1991). The origins and subsequent radiation 
of this subspecies remain obscure. Ovary shape is the most common character used to 
delineate Strongvloides spp, and may be spiralled with the intestine or straight and 
adjacent to the intestine, or as in S. serpentis, a mixture of the two. The existence of 
spiral ovaries is undoubtedly a derived phenotype, given that the condition is unique to 
Strongyloides and that Parastrongvloides have straight ovaries. Parasitic males are 
found in Parastrongyloides infections. This is considered to represent the ancestral 
phenotype to Strongvloides and is borne out by phylogenetic analysis employing two 
Strongyloides spp. (see Ch. 15). The addition of further Srrongyloides spp. may help 
clarify this relationship and establish the direction of character change with respect to 




Partial sequences from the 5' region of the SSU rDNA gene of 10 Strongyloides spp. 
form the basis for phylogenetic study of the genus. These are outlined in Table 7. 
Table 7 
Strongi'loides isolates and hosts 




S. fuelleborni kelli'i 











DNA from fixed tissue 
DNA from fixed tissue 
DNA from fixed tissue 
Fresh tissue 
Fresh tissue 
S. Am. non-human primate 
African primate 
Rat 




Sheep, goat, rabbit 
Human 
Rat 
Of the taxa shown in Table 7, 8 had been previously fixed in formalin. The snake 
Strongyloides could not be identified because only L3 larvae were fixed. There are only 
two described snake Strongvloides species however, S. serpentis and S. gulae, both 
described from the same host, the water snake Natrix cyclopion (Viney 1988). The 
snake Strongvloides is likely to be one of these and since the two snake parasites seem 
to differ only in size (Viney 1988) then the other morphological and ecological 
characteristics can be regarded as from a single parasitic species. The snake Us were 
collected from Liverpool School of Tropical Medicine and cross contamination from 
other snakes cannot be ruled out. Formalin fixed tissues were supplied mounted on 
slides, by Mark Viney. Genomic DNAs extracted from formalm fixed tissue were 
supplied by Tom Moore (NIH, Bethesda, MD). Parastrongyloides trichosuri, 
Rhabditophanes sp. and Rhabdias bufonis are also included in the dataset as are 2 
steinernematids for outgroup comparison. The partial SSU rDNA dataset is thus 
represented by 15 taxa. Phylogenetic analysis was carried by MP, ML and NJ 
methods. MP heuristic search found a single most parsimonious reconstruction. NJ 
analysis using ME criterion on LogDet transformed data produced a second tree. 
Evaluation of branching patterns for MP and NJ topologies was assessed by the same 
respective methods, employing 500 and 1000 replications for MP and NJ respectively. 
150 
MP and NJ trees were statistically evaluated to provide the best starting tree for ML 
analysis. Parameters for rate heterogeneity incorporating a proportion of invariable sites 
were estimated by ML on the starting tree and fixed for subsequent ML heuristic 
search employing the GTR model for nucleotide substitution. The resulting most likely 
tree was statistically compared against the starting tree. Likelihood support is given in 
the form of NJ bootstrap (1000 replications) with ME criterion, and distance correction 
supplied by ML with parameters for rate heterogeneity based on the ML tree. 
Results 
As with analysis of the larger Strongyloidoidea dataset (Ch. 15), MP and NJ methods 
converged on exactly the same tree (P = 1.0 with all statistical comparisons. Data not 
shown) with comparable levels of support. The NJ tree was chosen arbitrarily as the 
starting tree for ML analysis. ML analysis, again converged on a near identical tree with 
again comparable levels of support. The only difference by ML analysis was the 
collapsing of the branch uniting S. cebus, S. fuelleborni keliyi, and S. papillosus, 
resulting essentially in a polytomy comprising these three taxa and S. venezuelensis. 
This branch is not supported by MP bootstrap but is supported to a level reaching 
significance (67%) in NJ bootstraps. Perhaps surprisingly, the ML tree was identical to 
the other trees by all statistical comparisons (P = 1.0). The branch length supporting S. 
cebus, S. fuelleborni kellyi, and S. papillosus is extremely short and since ML collapses 
it, this suggests that it may be a result of convergent nucleotide substitutions. The NJ 
tree is shown in figure 17.1 and reproduced as a bootstrap cladogram in figure 17.2. 
The NJ tree was chosen to enable easy visual evaluation of the genetic distance between 
the taxa by means of comparison to the scale line. From phylogenetic analysis (figs. 
17.1, 17.2), topology of the taxa included here is the same as with the Strongyloidoidea 
dataset (Ch. 15). Strongyloides spp. are shown to be extremely similar at the genetic 
level. Parastrongyloides forms a distinct basal lineage to Strongyloides. All 
bifurcations are fully resolved and supported with the exception of an S. venezuelensis 
rooted monophyly with (and it's relationship to) S. cebus, S. fuelleborni kellyi, and S. 
papillosus. S. ratti is shown to form a basal lineage within the genus. S. suis then 
forms a sister taxon to the remaining Strongyloides spp. which are shown as a radiation 
of two clades. The first of these clades is a fully resolved and supported monophyly 
with S. westeri as a basal lineage to the dade and Strongyloides sp. snake forming a 
sister taxon to the two primate parasites, S. stercoralis and S. JIelleborni. Within the 
second dade, S. venezuelensis forms a basal lineage to a group comprised of S. 
papillosus, S. fuelleborni kelli'i and S.cebus by MP and NJ analyses, but all four taxa 
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Inferred phylogeny for the genus Strong yloides. This tree was produced by NJ analysis 
on LogDet transformed data and is identical to trees produced by MP and ML methods 
(not shown). Non Strongyloides taxa are labelled by family and indicated by coloured 
band. Strong yloides spp. are labelled by their common hosts. Support values are not 
included due to space limitations but are shown in fig. 17.2. Refer to text for details. 
Strongyloides cebus S.A. non-human 
primate 
Strongyloides f kellyl New Guinea human 
Strongyloides papillosus Sheep, goat rabbit 
Strongyloides venezuelensis Rodent 
fuellebomi 86 




Strongyloides stercoralis Human 
Strongyloides sp. snake Cobra 
Strongyloides westeri Horse 
Strongyloides suis Pig 
Strongyloides rath Rodent 
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Figure 17.2 
Cladogram produced by NJ bootstrap with distance correction supplied by ML with 
parameters based on the tree in fig. 17.1. Taxa are labelled as before. Levels of support 
for branches were additionally obtained from NJ bootstrap on LogDet transformed data 
and by MP bootstrap. Where the level of support differed by method the lowest level is 
shown with the exception of the value circled in red. This branch is not supported by MP 
bootstrap analysis. Strongyloidesf. keilvi = Strongyloidesfuelleborni keilvi. Refer to text 
for details. 
are shown as a polytomy by ML. S. papillosus, S. fuelleborni keilvi and S.cebus 
sequences used here are identical. The grouping of these three taxa with S. 
venezue/ensjs, although not significantly supported, is shown by all analyses. 
Discussion 
A recent Strongyloides radiation 
The genetic similarity of Strongyloides spp. is striking, especially since the branch 
lengths supporting the genus and close relatives are the longest within any nematode 
group. In addition, the region chosen for analysis contains the most variable regions of 
the SSU rDNA gene. This strongly suggests a recent radiation of Strongyloides 
parasites. Although the sequences are similar, and in some cases, identical, 
contamination as a source of duplicate sampling can be ruled out. Of the three identical 
sequences S. papillosus was amplified from genomic DNA, and S. cebus and S. 
fuelleborni keilvi from fixed samples on slides. The samples from slides were amplified 
almost a year apart with different primer sets and in different buildings, with all new 
reagents used for the preparation of material and amplification of products for each 
sample. Another three samples have very similar, but not identical sequences. Of these, 
Strongvloides sp. from snake and S. fuelleborni were fixed on slides. Again, these were 
amplified a year apart, at the same comparable times as S. cebus and S. fuelleborni 
keilyi. In addition, the S. stercoralis sequence was the last one amplified, from fresh 
tissue, using different primer sets, pipettes, and reagents. Molecular phylogenetic 
resolution of the group comprised of S. cebus, S. fuelleborni kelivi, S. papillosus, and S. 
venezuelensis may be possible by sampling from highly variable loci such as found 
within ITS or mitochondrial DNA regions. 
A dade of horse, snake, and primate parasites 
S. ratti forms the basal lineage within the genus. S. suis then forms the sister taxon to a 
radiation of two clades. The first of these is comprised of S. westeri, Strongyloides sp. 
snake, S. stercoralis, and S. fielleborni with S. westeri as a basal lineage. A putative 
synapomorphic secondary structure region within the E9-2 hairpin of the V2 variable 
region supports the composition and topology of this monophyly. This is shown in 
figure 17.3. A directionality for the change in the loop region is indicated. The ancestral 
loop sequence within the genus is ATTTTTTC, present in S. ratti and S. suis. Within 
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ATTTGATTAAACC - -AAAT- -AAT--- GGTTGACTCAAA 
ATTTGATTAAACT--AGAA--ATT --- GGTTGACTCAAA 
Figure 17.3 
Putative synapomophic loop region (shaded blue) of the E9-2 hairpin of the V2 variable 
region. The V2 variable region structure is shown for S. ratti (top) and the E9-2 hairpin 
is boxed. Refer to text for details. 
an insertion of two nucleotides gives A'FFI'I'ATAlT, the loop region sequence of 
Strong-yloides sp. snake (=S. serpentis?), S. stercoralis, and S. fuelleborni. There is no 
morphological support for this grouping but the patterns of ovary shape are interesting 
in that S. westeri has spiral ovaries and forms a basal lineage within the dade. The next 
lineage gives rise to Strongyloides sp. snake with ovaries that are anteriorly spiral and 
posteriorly straight (in S. serpentis) and of the remaining two taxa, S. stercoralis has 
straight ovaries whereas they are spiral in S. fuelleborni. This may indicate 
directionality of the ovary trait. For instance, S. ratti, basal within the genus displays the 
ancestral straight ovary phenotype. The sister lineage to S. ratti apparently developed 
spiral ovaries, present in all subsequent lineages. Within a divergence from the S. 
westeri lineage however, the ancestral trait begins to recapitulate giving the dimorphic 
ovaries of S. serpentis, and reverts to the ancestral state within S. stercoralis. Similarly, 
S. westeri and S. serpentis pass eggs in faeces but S. flielleborni can pass both eggs 




A common origin for hominid parasites. out of Eden? 
The most significant aspect of this monophyly is that the two classically recognised 
causative agents of human strongyloidiasis are grouped together with significant 
support. There are no correlations for grouping S. fuelleborni with S. stercoralis other 
than host range. It is surprising that Strongyloides from a snake, forms a sister taxon to 
the primate strongyloids, but not entirely implausable when biogeography of the taxa in 
question is considered. The spitting cobra, Naja naja, from which the snake 
Strongyloides were sampled, is found in southern and central Africa and south east 
Asia, matching exactly the hyperendemic areas of primate strongyloidiasis. Naja naja is 
most common in Africa but these cobras originated in Asia and entered Africa probably 
during the Miocene period, (from 25 MYA to 6 MYA), as detected by fossil evidence 
(Bogert 1943) and inferred by molecular phylogeny (Keogh 1998). It was during this 
period that many mammal forms evolved but also the first hominids. Thus if horizontal 
transfer of Strongyloides did occur from snakes to early primates (or vice versa), then 
this event can be dated with some confidence. S. westeri forms the basal lineage within 
this group, suggesting a North American origin for these parasites but proposing a 
definitive biogeography of Strongyloides is premature at this stage. Transfer of the 
parasites from early horses is not unlikely, especially since around this same time 
frame, grasslands appeared, resulting in a much wider distribution and radiation of 
equine, and other grazing forms. Moreover, the snake may have provided the 
mechanism to transport the parasite, from the plains to a forest environment. If the 
Strongyloides from the cobra was animal house derived then it was most likely derived 
from another snake. A primate origin for this particular snake house infection can be 
ruled out due to the distinct E-9 hairpin loop regions of the taxa in this group (see fig. 
17.3). These loop variations would require a considerable time frame to become 
established in the multiple SSU rDNA gene copies. If derived from another captive 
snake, the most likely source of the snake Strongyloides would be pit-vipers (Natrix 
spp.) from which the only two snake Strongyloides spp. have been described. In 
addition, pit-vipers are present in the same snake house from which the snake 
Strongyloides was sampled. A possible snake house zoonosis from vipers has no effect 
however on this proposed biogeographical hypothesis since pit-vipers and cobras share 
similar evolutionary, ecological, and biogeographical histories (Zamudio and Greene 
1997; Keogh 1998). 
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A dade of identical parasites? 
The second recognised dade is comprised of S. venezuelensis as a sister taxon to the 
genetically identical (within the sequence sampled) group of S. papillosus, S. 
fi4elleborni kellyi, and S. cebus. This grouping is indirectly corroborated by comparative 
isoenzyme analysis (Viney and Ashford 1990), a summary of which is shown in figure 
17.4. The enzyme profiles were constructed from Strongyloides L3 larvae isolates and 
thus identification of isolates is based on host and on the clustering of the enzyme 
groups and not on positive identification of the parasites. Three basic assumptions, the 
first two of which are corroborated in the original analysis (Viney and Ashford 1990), 
may be made regarding the isoenzyme data. The first is that the S. stercoralis isolate 
within the red circle (see fig. 17.4) is actually S. cebus. This seems plausible given that 
the isolate was from a Macaque monkey, which is a natural host for S. cebus. In 
addition the inferred position of the isolate, close to a S. American non-human primate 
(= S. cebus) and disparate from a distinct S. stercoralis group confirms the isolate as S. 
cebus. A second assumption is based on the evidence for two different groups of pig 
isolates. One will certainly be S. suis, the natural Strongyloides parasite of pigs. The 
other is likely to be S. papillosus, a parasite of domesticated sheep and goats, which has 
been identified in these hosts in New Guinea (Viney 1988). In addition S. papillosus 
has been shown to infect pigs (Speare 1989). This assumption seems fair and probable. 
The third assumption relies on the group of pig isolates coloured orange (see fig. 17.4) 
being S. papillosus and not S. suis. This assumption of course cannot be regarded as 
sound. Nevertheless, if all assumptions hold, then the group in fig. 17.4 circled in red 
and arrowed is comprised of an S. venezuelensis isolate, 2 'S. papillosus' isolates, 2 S. 
cebus isolates, a dog isolate, and an isolate from a New Guinea human (= S. fuelleborni 
kellyi). Thus, a close group is formed by S. papillosus, S. fuelleborni kellyi, S. cebus, 
and S. venezuelensis, in common with the phylogeny presented here. Even if none of 
the assumptions hold, a close relationship is still shown between S. cebus, S. 
fuelleborni kellyi, and S. venezuelensis (with S. papillosus not sampled) based on the 
comparative isoenzyme data (Viney and Ashford 1990). The isoenzyme data also 
support a close relationship between S. stercoralis and S. fuelleborni as these isolates 
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Figure 17.4 
Plot of first principal co-ordinate against the second principal co-ordinate extracted from 
an isoenzyme inter-isolate similarity matrix. Adapted from Viney and Ashford (1990). 
Coloured dots refer to isolates (L3s) obtained from individuals. Red dots = S. stercoralis 
isolates, blue dots = isolates from African non-human primates, green dots = isolates 
from New Guinea humans, purple dots = from New Guinea dogs, pink dots = from New 
Guinea chickens, yellow and orange dots = from New Guinea pigs, lilac dot = S. ratti, 
white dot = S. venezuelensis, and black dot = from S. American non-human primate. 
Viney and Ashford recognise two groups (outlined), one comprising 6 of 7 S. stercoralis 
isolates, and the other comprising two apparent groups (separated by dotted line) of 
isolates from New Guinea pigs. All other inferences are mine. Circled in red and 
arrowed is a group comprised of an isolate from a New Guinea human (green), S. 
venezuelensis (white). 2 isolates from pigs (orange), an isolate from a S. American non-
human primate (black), an isolate from a dog, and a final S. stercoralis isolate. It is 
likely that this S. stercoralis isolate is actually S. cebus given its distance disparity from 
the other S. stercoralis isolates, its grouping with the S. American non-human isolate, 
and the fact that it was from a Macaque monkey which is a natural host for S. cebus. 
Similarly the two groups of pig isolates probably represent S. suis and S. papillosus, the 
latter having a wide host range among domesticated livestock. Refer to text for details. 
Origins of New Guinea strongyloidiasis 
S. fuelleborni kellyi is not supported as a subspecies of S. frelleborni. The most likely 
explanation for the origins of strongyloidiasis in New Guinea humans is via a zoonotic 
source. This is shown both by the phylogeny presented here and by isoenzyme 
comparison shown in fig. 17.4, which in addition to supporting this phylogeny, shows 
that all the isolates sampled from domesticated animals cluster together. That the 
sequences used here from S. papillosus and S. fuelleborni kellyi are identical, strongly 
suggests that the human infection arose from S. papillosus, which has added humans to 
its wide domesticated host range. This sequence identity is shared by S. cebus which 
can be ruled out as a zoonotic source as there are no non-human primates in New 
Guinea. New Guinea strongyloidiasis can be fatal, causing oedema in babies and 
persisting due to constant reinfection as a result of infrequent bilum (bedding) 
washings (Ashford and Barnish 1989; Ashford, Barnish et al. 1992). Adult infection is 
asymptomatic. This, and evident close contact with domestic animals supports the view 
for a recent zoonotic origin. The sequence identity and phylogenetic position of S. 
cebus may seem unlikely but it suggests a possible mechanism for the initial origins 
and radiation of the New Guinea strongyloid dade. Both S. venezuelensis and S. cebus 
have been described from S. America suggestive perhaps of a New World origin for 
this dade and thus a radiation based on vicariance. If S. venezuelensis, S. cebus, S. 
fuelleborni kellyi and S. papillosus are essentially polytomous as suggested by ML, a 
different mechanism may also be proposed. Populations of rodents, perhaps 
harbouring the common ancestor of the dade, dispersed north and east, and occupied 
the New World via the Bering strait. On route, the parasite was laterally transferred to 
grazing animals in the Old World and to S. American primates in the New World, 
giving rise to S. papillosus and S. cebus respectively and retained as the ancestor to S. 
venezuelensis in the rodent host. This is supported by the observation that S. cebus 
parasites can infect African non-human primates, but not the reverse for the parasities 
of Old world primates, which would have had a longer association with their hosts. Rats 
(and bats) are the only wild mammals in New Guinea (Viney 1988) and on this 
evidence may be provide additional reservoirs for infection. If this hypothesis can be 
accepted then the sequence divergence shown by S. venezuelensis with respect to S. 
papillosus and S. cebus (8 single nucleotide differences: 98% identity) occurred after 
transfer of the parasite. This is apparently anomalous i.e. how can the sequence be 
identical for parasites in Old and New World hosts but divergent in the common 
independent ancestor of both? A possible explanation for this may also illustrate a 
mechanism for driving evolution in competitive niche utilisation. The greatest 
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divergence shown within the genus is between S. ratti and S. venezuelensis (93% 
identity, see fig. 17.1). These can coexist within the rodent host, illustrating that 
competition between parasites for the same host can increase the tempo of parasite 
evolution. This may provide a reason for the observed genetic difference between S. 
venezuelensis and its closest relatives if we assume mixed infections occurred after the 
lateral transfer of the parasites. 
An evolutionary hypothesis for Strongyloides 
A mechanism for the observed radiation of Strongyloides parasites may be proposed. 
After the establishment of small foraging mammal infection (see Ch. 15) in Africa, 
giving rise to S. ratti, a lineage perhaps became established in larger foraging mammals, 
giving rise to S. suis. An early divergence of this lineage is proposed, giving rise to two 
distinct clades. The common ancestor of first dade is established in a grazing horse 
ancestor (< 25 MYA), the lineage from which S. westeri arose. A branch of this lineage 
became established in snakes (25-6 WA), and a common primate ancestor > 6 MYA 
diverging to S. fuelleborni and S. stercoralis (<6 WA). The common ancestor of the 
second dade is dispersed by rodents, giving rise to S. venezuelensis, and laterally 
transferred to a grazing sheep ancestor (< <25MYA) giving rise to S. papillosus. The 
rodents enter the New World via the Bering strait (< 4.5 MYA) and perhaps transferred 
the parasite to S. American primates thereby establishing S. cebus. If human 
strongyloidiasis is derived from S. papillosus then the parasites must have been 
transferred from domesticated sheep or pigs to New Guinea humans less than 5000 
years ago, around the time these animals were brought to New Guinea (Viney 1988). A 
hypothesis for entry of Strongyloides into the New World or dispersal by vicariance 
can be tested by the sampling of S. robustus, a common parasite of squirrels in Canada 
and North America. If these exhibit a high sequence identity with S. cebus then this 
would indicate that S. robustus is derived from the common ancestor of S. cebus, S. 
papillosus and S. fuelleborni kellyi and this would significantly support a New World 
entry hypothesis. S. robustus samples were available but had been stored in ethanol and 
were therefore refractory to PCR (see Ch. 3). 
The origins and persistence of spiral ovaries 
There is little in the way of morphological correlation for the Strongyloides phylogeny 
inferred here but it is not unlikely that Strongyloides display the same propensities for 
morphological homoplasy as the rest of Rhabditida. The three taxa with identical 
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sequences do however have spiral ovaries and a common 'X-shaped' or 'modified-
X'shaped stoma in common (Speare 1989). Ovary shape is the most common 
diagnostic feature of Strongyloides. Despite severe critisism of its phylogenetic 
usefulness as previously described, the occurrence of spiral ovaries in Strongyloides is 
unique within Nematoda and deserves some explanation. Nematodes have a dextral 
body plan (right 'handed'). This is visually apparent in nematodes by the position of 
the anterior gonadal aim, which lies to the right of the intestine. Recently however 
sinistral (left 'handed') populations have been found within the cephalobid genus 
Acrobeloides (Felix, Sternberg et al. 1996). While Strongyloides are Cephalobina, they 
are not so closely related to Cephalobidae. The closest vertebrate parasites to 
Strongyloididae are Rhabdias spp. Sinistral populations of R. bufonis have been 
described to the order of 25% of animals studied, but this has yet to be verified (Spieler 
and Schierenberg 1995). Chiral forms of the same species do not reproduce (Felix, 
Sternberg et al. 1996). This raises the possibility that the observed spiralling of the 
ovary in Strongyloides may be due to a chiral developmental variant. The straight form 
of S. ratti and S. stercoralis is the dextral form. Thus the split of the common ancestor 
of S. ratti (straight ovaries) and S. suis (spiral ovaries) may have been a function of 
sinistral development and reproductive isolation. This provides an easy mechanism for 
the recapitulation of the straight ovary phenotype in S. stercoralis as variants would 
exist naturally in the population. This also provides a rapid mechanism for reproductive 
isolation and speciation. Chirality is evident from the 8 cell stage and thus this 
hypothesis may be easily tested by studying the development of any of the species with 
spiral ovaries in which eggs are passed in the faeces, such as S. suis, S. westeri, or S. 
cebus. 
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18 GENERAL DISCUSSION 
18.1 	The outer limits of SSU rDNA resolution 
Phylogenetic analysis is inferred here using a single (albeit in multiple copies) S SU 
rDNA genetic marker. This is shown to be valuable in resolving many of the 
relationships within and between important nematode groups. Further sampling is 
likely to provide finer resolution of key radiations, for example within Clade III (see 
Chs. 10, 11), and some key taxonomic groups remain to be represented. In terms of the 
fundamental branches however, further sampling is unlikely to improve the existing 
phylogenetic structure of the tree. For instance, SSU rDNA data is not able to resolve 
whether nematodes arose from enoplid or chromadorid origins. The major radiations of 
marine nematode groups within Enoplia and Chromadoria probably formed during the 
Cambrian explosion. Cladogenesis of these groups occurred over a relatively short time 
frame (< 20 MY) and SSU rDNA data cannot confidently resolve cladogenetic events 
separated by less than about 40 MY due to the lack of synapomorphic sequence uniting 
successive clades into nested groups (Philippe, Chenuil et al. 1994). This means that 
the number of common sequence characters which unite a group is less than the 
characters that separate the members within the group i.e. branches which support 
clades are too short. A 40 MY confidence limit for SSU rDNA data assumes an 
average tempo metazoan SSU rDNA model. This model holds, more or less, for 
Enoplia and Chromadoria thus a multifurcation of marine lineages is about the limit of 
SSU rDNA phylogeny. For the terrestrial nematode groups a different problem occurs 
in that extreme sequence variation exists between close neighbours. These differences 
in branch lengths can result in confident support for nodes that group the long 
branches together (Felsenstein 1978; Hillis, Moritz et al. 1996). This problem is most 
evident within Cephalobina in which the branch lengths for Cephalobidae are 
comparatively short yet within Strongyloidoidea are amongst the longest within 
Nematoda (see Chs. 14, 15). As a result, a Cephalobina monophyly is only indicated 
(but not supported) by ML analysis (Ch. 11). 
The stochastic nature of rDNA evolution presents problems for evolutionary models, 
which assume that evolution proceeds as a continuous-time Markov process. Models 
also assume that character state changes are independent and identically distributed. 
This assumption is almost always violated and is certainly so with the datasets used 
here. SSU rDNA sequence data does however offer highly phylogenetically 
informative information; the problem is devising a strategy for accessing it. 
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Combination and comparison of phylogenetic methods, and employing an appropriate 
model for sequence evolution can achieve resolution of previously intractable 
relationships. If the correct branching order can be achieved, then differing branch 
lengths of closely related taxa can adopt greater meaning and indicate actual 
evolutionary phenomena. For instance, the difference in molecular evolutionary rates 
between Cephalobidae and Strongyloidoidea requires an explanation if a Cephalobina 
monophyly (and therefore common origin for the two groups) can be established. Thus 
rate variation between sequences does not necessarily negate the application of 
environmental, geographical and temporal information to the processes of organismal 
evolution. 
18.2 Increased tempo in terrestrial evolution 
An evolutionary clock is rejected for this data, both as a whole and also for subsets 
used in each chapter. The most obvious difference concerning evolutionary rates among 
sequences is shown by comparing marine and terrestrial forms. A phylogram using all 
full-length sequences was constructed by NJ on LogDet transformed data. This is 
shown in figure 18.1. Rates of molecular evolution appear faster in species with 
terrestrial origins. If the hypothesis that Clade III parasites arose from aquatic ancestors 
(Ch. 10) is accepted, this trend is even more apparent. Extreme variations in spatial and 
temporal terms within a terrestrial environment may help drive the tempo of molecular 
evolution. This does not explain however, why marine and not terrestrial nematodes are 
far more speciose. This may be due to a much higher extinction rate within terrestrial 
forms. This is supported by the molecular divergence shown between sister taxa within 
Rhabditina,, which, in addition to hampering phylogenetic inference, suggests that the 
taxa present may be extant members of a much larger group. In addition, if 
environmental pressures increase molecular variation, selection pressures must result in 
higher extinction rates. 
Not all terrestrial rhabditid nematodes have long branches. Cephalobidae are apparently 
anomalous in that the taxa are defined by comparatively short branch lengths. So, 
clearly a free-living life history does not in itself force the tempo of genetic evolution. A 
key trait does however define the long-branch taxa. Panagrolaimidae, Strongyloidoidea 
and Rhabditina all have dauer stages (or infective Us) which exist freely in a terrestrial 
environment (see fig. 18.1). Cephalobidae do not have this single developmentally 
arrested state. Infective juveniles are common in the parasites of Clade III but these can 
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Figure 18.1 
NJ phylogram of all available full-length SSUrDNA sequences. Positions of groups of 
taxa are labeled and indicated by coloured band. While sequences are variable 
throughout the tree, the region shaded pink stands out as a group of genetically divergent 
taxa. This group is defined by a free-living, developmentally arrested 'dauer' L3 larvae. 
environmental stress. Mechanisms for recovery from developmental arrest are likely to 
be fairly general for Cephalobidae, as the different arrested larval states will certainly 
have varying neuronal mechanisms for responding to environmental cues. True dauer 
stages respond to specific environmental signals, as is evident with the host acquisition 
and specificity shown by Steinernema and Heterorhabditis spp. (see Ch. 16). 
Exploitation of new or changing environments requires a mechanism by which the 
arrested developmental stage will respond to specific signals from the new or changed 
environment i.e. rapid rather than gradual adaptation is required. It seems likely that 
these 'all or nothing' selection pressures are sufficient to increase both evolutionary 
tempo and extinction. The extraordinary range of environments shown by rhabditids, 
diplogasterids, strongylids, panagrolaimids and strongyloids would tend to support the 
existence of strong adaptive selection. 
18.3 Testing hypotheses for Evolutionary tempo 
If taxa with dauer stages evolve quickly then it is all the more surprising perhaps that 
the genetic divergence between taxa in the Strongylida and Strongyloididae is so low, 
and more indicative of the parasitic orders of Clade III which do not have a distinct 
terrestrial 'dauer' stage. This pattern suggests a relative slowdown in molecular 
evolutionary rates, correlated with the adoption of the parasitic mode of life, and an 
L increase in the relative rate of morphological evolution. One possibility is that the 
molecular evolutionary rate is correlated with generation time (Bromham, Rambaut et al. 
1996) as many animal parasites have longer generation times. Comparative analysis of 
branch length with generation time has thus far shown no significant association (M. 
Blaxter, pers. corn.). Comparison of change between lineages however does not account 
for different rates of change within each lineage. From paleontological evidence, 
instantaneous rates of cladogenesis are higher in the early history of adaptive radiations 
and are proposed to slow down as a result of niche filling (Nee, Mooers et al. 1992). 
When branch lengths, since the last common ancestor, are compared for two taxa this 
does not address any speciation events which may have occurred after divergence of the 
common ancestor and thus is unlikely to accurately reflect the differences in rates 
within each lineage. Niche filling undoubtedly occurs within the parasitic radiations and 
in addition to an almost immediate increase in lifespan and generation time, a relative 
slow down in evolutionary rate would seem to provide a plausible mechanism for the 
observed wide dispersal of genetically similar parasites. 
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If the mechanisms of dauer maintenance and niche filling form the main driving forces 
for the increase and decrease respectively of evolutionary tempo, then it should be 
possible to adjust the branch lengths on the tree to accommodate the changes. This 
would require previous paleontological knowledge to put a time point on cladogenesis. 
If the time points for certain radiations could be established then by adjusting the tree, a 
rough estimate could be made of the relative difference in rates. In addition, if the 
adjusted tree fits the paleontological framework then this supports the hypothesis that 
observed long-branch lengths, for example, are due to fast evolution and not ancient 
divergence. An attempt to effect this 'reverse' phylogeny approach is shown in figure 
18.2. Time markers were drawn roughly to scale based on five proposed mass 
extinctions: End-Ordovician, Late Devonian, End-Penman, End-Triassic, and 
Cretaceous on the basis that niche filling would be most likely to occur after these 
events. The tree was calibrated based on a Cambrian origin for Enoplia and terrestrial 
origin for Rhabditida. The branch-lengths of all taxa with dauer stages were reduced, as 
a whole, to fit the radiation of Rhabditidae with that of insects (see Ch. 12), which 
seems likely, given their widely distributed and specific associations. Interestingly, 
many cladogenesis events concur with the paleontological data, including plant parasitic 
radiations of Dorylaimida, radiating with terrestrial plants and Tylenchida with conifers. 
The radiation of Cephalobidae and Steinernematidae matches that of insects and 
radiation of Spirurida with flying insects (see fig. 18.2, and Ch. 10). In addition, some 
light is shed on the timeframe for the cladogenesis of Strongylida as it radiates with 
insectivorous marsupials at the time of the occurrence of primitive mammals as has 
been suggested (Durette-Desset, Gasser et al. 1994). Aquatic origins for Clade III are 
supported from the tree, as is the co-occurrence of R1igonematida and millipedes. 
Ascarids however are not shown concurrent with mammals. This may be explained in 
terms of a co-evolution strategy as described in Ch. 10, i.e. no sudden niche filling. The 
vertebrate parasite radiations may be compared to other niche filling radiations such as 
Stilbonematidae which show an initial cladogenetic burst followed by slow down and 
levelling off. The radiation of Stilbonematidae shows a classic niche-filling pattern 
where an empty niche (sulphurous inland silt) is invaded and rapidly occupied and the 
subsequent niche population follows a constant birth-death model. Strongylid parasites 
may presently be at the cladogenetic burst of niche invasion. It is probable that 
subsequent populations will follow the same constant birth-death model until that is, a 
new niche presents itself. In contrast to the niche filling pattern of Stilbonematidae, the 
pattern of radiation within Clade III is more suggestive of an initial constant rate, 
exponential growth, and subsequent slow down, indicating gradual evolutionary change 
(Nee, Mooers et al. 1992). Ascaridida are genetically similar, which may be explained if 
162 

















































Cartoon showing some major nematode radiations applied to a time axis. Numbers refer 
to times of mass extinctions in millions of years before present. The branches of dade 
outlined in fig. 18.1 have been reduced by 30%. Short branches represent a slow rate of 
molecular evolution and not extinctions. Refer to text for details. 
they arose from an aqueous ancestors. In addition they do not have free-living stages 
and are presumably genetically tuned to their host. Interestingly, Clade III exhibits a 
niche filling mechanisms in addition to the gradual evolution of ascarids if as proposed 
in Ch. 10, flying insects dispersed the filarial nematodes. In reducing the branch 
lengths of the taxa with dauer stages, a plausible pattern of cladogenesis can be 
assessed and dated. In addition, the branches of the 'dauer taxa' were conservatively 
reduced by 30%, which may suggest that they are evolving at least 30% faster than 
neighbours without dauer stages. 
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18.4 Conclusions and future work 
Presented here are advances in the fields of DNA extraction from fixed specimens, 
comparative phylogenetic analysis, and Nematology. Amplification of high quality 
DNA is now possible from from almost any formalin fixed source. High quality DNA 
was essential in inferring phylogeny of Strongyloides. The genetic distance between 
members of the genus is small and therefore any apparent synapomorphic nucleotide 
sites whether real or artifact will have a disproportionate contribution to the phylogeny. 
Identical sequences were obtained from different sources showing that formaldehyde 
modification had been effectively reversed. In the future this DNA extraction 
methodology should be applied to other marine invertebrates, particularly crustaceans 
such as brachiopods and copepods which represent the last group of formalin fixed 
organisms still refractory to PCR. That DNA could not be amplified from ethanol 
samples is disappointing. If nematodes possess DNases active in ethanol then whole 
collections will be unavailable for analysis. For example over 160 ethanol preserved 
Capillaria spp. were made available from various collections. These could not be 
sampled and Capillaria remain unrepresented in the nematode SSU rDNA tree. The 
presence of ethanol resistant DNase in Nematodes must be confirmed or disproved. 
Phylogenetic analysis was based entirely on the SSU rDNA gene. The strategy use 
here to infer phylogenies is unique in that no prior assumptions were made on the 
dataset, which was used in full, retaining gaps, constant sites and uninformative sites. 
This is unusual given that there are secondary structure regions for which the sequence 
is difficult to align. It seems unusual however to collect and align sequence, build a 
dataset and then throw half of it away. It was felt that by combining all available 
analyses and providing a suitable model to explain the data, then resolution of 
cladogenesis could be achieved. Maximum Likelihood analysis is by far the most 
powerful and consistent method for phylogeny inference, as it can incorporate 
sophisticated models of nucleotide substitution. For SSU rDNA data a good model is 
imperative; one that can account for a mosaic of highly constant and highly variable 
regions. The underlying model for nucleotide evolution for these datasets was assessed 
by likelihood ratio statistic thus retaining objectivity. The model always chosen however 
was the general time-reversible model, incorporating rate heterogeneity and allowing all 
substitution types. This is not surprising given the nature of the genetic marker used. 
The problem with ML is that it is computationally intensive. In this work, the 
parameters for rate heterogeneity, subtitution values, proportion of invariable sites and 
base composition were estimated by Likelihood and then fixed for the tree search. This 
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saves on computing time but the ML tree cannot be assessed by bootstrap analysis. An 
approximation of ML bootstrap is presented here in which the replications are made by 
the Neighbour Joining algorithm with minimum evolution criterion but with ML 
parameters based on the ML tree for distance correction. This consistently shows a 
bootstrap cladogram significantly different than from uncorrected or LogDet 
transformed distances but which supports nodes exhibited in the ML tree. It would be 
interesting to see how this approximated bootstrap performed in simulation studies. 
Phylogenetic resolution obtained by these methods is significantly improved from 
previous analyses. An example is Ascaridida phylogeny (Ch. 10) which had been 
poorly resolved using a combination of SSU and LSUrDNA sequences in addition to 
morphological analysis (Nadler and Hudspeth 1998). This analysis however, resolved 
nested groups of the parasites of fish, amphibians and reptiles, and mammals, thus 
delineating a model for the coevolution of parasites and hosts. 
In terms of nematology, the radiations of most of the major nematode groups have been 
analysed with respect to phylogeny, biology, development, morphology, and 
biogeography. Testable hypotheses for the origins and radiation of major parasitic 
groups have been formulated. Some phylogenetic holes still need to be filled however. 
The addition of Capillaria spp. would help resolve the position of Trichocephalida 
which have highly problematic branch lengths and cannot be positioned with 
confidence. Chromadorida is still under-represented but it is unlikely that the addition 
of further chromadorid taxa would significantly improve the tree. The origins of 
Rhabditia must be 'addressed by the addition of more Teratocephalina, which seem to 
occupy a key position at the base of the terrestrial nematode lineage. It is difficult to 
imagine how a definitive phylogeny for Rhabditina can be found given the genetic 
dissimilarity and morphological homoplasy evident within the group. Taxa within 
Rhabditina tend to cluster in small groups and may represent extant members of a 
much larger dade. In order to test the proposal for the evolutionary origins and 
radiation of Strongyloides, Alloionema must be sampled to establish the relationship 
between the parasitic reversal Rhabditophanes and Strongyloides (see Ch. 15). S. 
robustus must be sampled to test for the hypothesis of entry of Strongyloides into the 
New World (see Ch. 17). If the timings of the origins and radiations shown in fig. 18.2 
are remotely accurate then not only does it attach a time frame to the tree but also serves 
to illustrate dispersal mechanisms with respect to niche filling, as shown by Strongylida 
and Stilbonematidae, and gradual coevolution as shown by the parasites of Clade III. 
The ability to read a phylogeny depends on the balance of the tree i.e. the level of 
random sampling. The nematode phylogenetic tree is now balanced. 
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APPENDICES 
Appendix Al 	 Molecular methods 
Qiagen miniprep for purfIcation  ofplasmid DNA 
12 	Spin down (3 mins, 5K rpm) 3 ml overnight culture in 1.5 ml eppendorf (two 
spins) 
13 	Resuspend pellet in 250p.l P1 buffer 
. Add 250 p1 of P2 buffer, mix by inversion (4-6 times) 
. Add 350 p1 of N3 buffer, mix by inversion (4-6 times) 
Spin 10 min 12K rpm 
Pipette supematent into spin column, spin 30 sec 12K rpm 
. Empty catch tube, add 0.5 ml PB buffer to column, spin 30 sec, 12K rpm 
Empty catch tube, spin 1 mm, 12K rpm 
. Add 50 pA TE, incubate 1 min at room temperature 
Spin 30 sec, 12K rpm 
185 
Spin purification of PCR products using Spin-X UFJ 00 filter 
• Dilute PCR reaction to 500p1 with H20 
• Pipette mixture into spin column, avoid the oil 
• Spin 5 mm, 3.5K rpm, dilute retentate to 500pi with H20 
• Repeat previous step twice 
• After last spin, discard flow through, check volume. 
IMM 
Qia quick gel extraction 
• Excise DNA fragment from agarose gel 
• Weigh gel slice, add 3 vols buffer QX1 
• Incubate 5OoC, 10 min  
• Add 1 volume isopropanol, mix 
• Transfer sample to spin column, spin 1 mm, 12K rpm 
Discard flow-through, add 0.5m1 buffer QX1, spin 30 sec, 12K rpm 
• Add 0.75 ml buffer PE, spin 1 mm, 12K rpm 
• Discard flow-through, spin 1 mm, 12K rpm 
• Add TE or H20, stand 1 mm, spin 1 mm, 12K rpm 
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Hybaid DNA purification from solutions 
Shake binding buffer, add 400 jtl to spin filter 
• Dilute DNA to 300p1 and add to filter 
. Incubate 50o, 5 mm, flick tube to mix 
Spin 30 sec, 12K rpm, empty catch tube 
. Add 0.5 ml wash solution to spin filter, spin 30 sec, 12K rpm. Repeat 
• Empty catch tube and spin 1 mm, 12K rpm to dry pellet 
• Transfer spin filter to new catch tube, add 12.5i1 H20 or TE, mix carefully 
Spin 30 sec, 12K rpm, add 12.5.tl H20 or TE, mix carefully 
Spin 30 sec, 12K rpm 
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Preparation of competent cells (Sambrook, Fritsch et al. 1989) 
• Streak out XL-1 blue cells onto plate containing tetracycline, grow overnight 
• Pick single colony into 1 Oml LB medium supplemented with 10 mM MgSO4 
• Grow overnight at 37o C 
• Dilute overnight culture 1:200 in LB, grow at 37o C in shaking incubator till 
0D600 =0.4 - 0.6 (2-3 hours) 
• Chill cells on ice for 15 mm, spin 15 mm, 3K rpm at 40  C, drain pellet 
• Resuspend cells in 1/5 starting volume of 100mM MgC121  incubate on ice for 30 
• Resuspend cells in 1/50 starting volume of 100mM CaC1 21  incubate on ice for 30 
mm 
• Add glycerol to 15%, divide cells into 1 OOj.il aliquots and freeze at-80' 
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Transformation of competent cells (Sambrook, Fritsch et al. 1989) 
• Add 2-3i1 of ligation to 1 OOJil of competent cells, mix well and incubate on ice for 
30mm 
• Heat shock at 42° for 50sec, put on ice 
• Add 900tl LB, incubate 37 0 for 1 hour 
• Plate cells onto agar plates supplemented with antibiotic 
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Cloning 
PCR products were spin-purified or extracted from agarose gels and cloned into 
pMOS blue T-vector (Amersham) 
1 	i lox ligase buffer 
0.5d 100mMDTT 
0.5p1 1OmMATP 
1 tl 50ng/ml vector 
xjd DNA fragment 
0.5p1 T4 DNA ligase 
xp.l H20 (total volume: lOml) 
. Mix well, incubate overnight 16° C 
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ABI Dye Terminator sequencing 
Cloned inserts were reamplified and sequenced directly. 
• Preparation of PCR product for sequencing (after Sambrook et al) (Sambrook, 
Fritsch et al. 1989) 
1 5tl PCR reaction 
1 p1 	shrimp alkaline phosphate (SAP) 
1.5p1 exonuclease I(diluted 1:10 in SAP dilution buffer) 
Incubate 37° for 30mm, then 80° for 10 mm 
14 	Sequencing mix 
4p1 	ready reaction mix 
1 j.tl primer (1.6 pmollml) 
xj.il SAP/EXO PCR product 
xjtl 	H20 (total volume lOml) 
• PCR cycling parameters 
25 cycles of: 	96°C 30sec 
50°C 20sec 
60°C 4n-ii 
• Ethanol precipitation 
1p1 	3M Sodium acetate pH 4.6 
25p1 95% ethanol 
1 Opi sequencing reaction 
• Incubate on ice for 10 mm, spin 15-30 mm, 12K rpm, wash pellet in 70% ethanol, 
dry pellet 
• Resuspend sample in 4mi loading buffer, denature for 2min at 90°C, place on ice, 
load 2p1. 
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Genomic DNA prep for fresh nematode tissue 
• Add worms to 0.5 ml worm lysis buffer (WLB), store at-70'> 2 hours 
• Thaw quickly in warm water 
• Add proteinase K to final concentration of 20tg/ml 
• Incubate overnight at 60°C 
• Extract with 0.5m1 phenol: 
Add organic reagent 
Mix by slow inversion 
Spin 10 mm, 12K rpm 
Remove organic phase 
• Extract as above with 0.5m1 phenollchlorform (1:1) 
• Extract as above with 0.5m1 chloroform, transfer aqueous phase to new tube 
• Add 1 m 100% ethanol (at —20°) 
• Spin 15 min, 12K rpm 
• Wash pellet twice with ice cold 70% ethanol 
• Leave to dry 
• Resuspend in TE 
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Genomic DNA prep for formalin-fixed nematode tissue 
Reversing formalin fixation 
15 	Wash nematodes in reducing concentrations of ethanol (100-75-50-25-0%) 
16 Incubate overnight in GTES buffer 
17 	Wash nematodes in Tris/Ci 
Modified DNA extraction (Nucleon Biosciences) 
• Snap-freeze nematodes in liquid nitrogen 
• Grind tissue in mini homogeniser 
• Add 350 jil reagent B 
• Add Rnase A to final concentration of 400ng/ml, incubate 37° for 30 mm 
• Add proteinase K to a final volume of 20 jig/mi 
• Incubate overnight at 60° C 
• Add 1 OOpi sodium perclorate, mix by inversion 7 times 
• Add 600 jil chloroform, mix by inversion 
• Add 1 5Ojil Nucleon resin suspension, spin 1 mm, 2K rpm 
• Transfer upper phase to new 1.5 ml eppendorf 
• Add 2 vols cold 100% ethanol, store >2 hours at —20° C 
• Spin 10 mm, 12K rpm, discard supernatent 
• Add lml cold 70% ethanol, spin 5 mm, 12K rpm, discard supernatent 
• Dry sample, resuspend in Tris/Cl 
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Primers used in this work 
Name Usage Position Sequence 
G18S4 PCR/ sequencing 5' end GCYFGTCTCAAAGATFAAGCC 
A PCRJ sequencing 39-57 AAAGATITAAGCCATGCATG 
22F Sequencing 411-428 TCCAAGGAAGGCAGCAGGC 
22R 1 Sequencing 429-411 GCCTGCTGCCTT'CCTTGGA 
9F Sequencing 573-59 1 CGCGGTAATTCCAGCTCCA 
9R Sequencing 584-565 AGCTGGAA'TTACCGCGGCTG 
24F Sequencing 868-887 AGRGGTGAAATYCGTGGACC 
26R Sequencing 927-907 CA11I'C'TTGGCAAATGCTITGC 
23F Sequencing 1280-1298 ATFCCGATAACGAGCGAGA 
23R Sequencing 1298-1280 TCTCGCTCGTTATCGGAAT 
13R Sequencing 1438-1419 GGGCATCACAGACCTGTITA 
18P PCR/ sequencing 3' end TGATCCWKCYGCAGGTTCAC 
DR R.bufonis PCRIseq 12131194* CATAAAAGTCTCGCTCGTFA 
rattiloop Strongyloides specific 
screening  
180162* AATCAGCGAGGATA'ITII 
hum 18S1 human 	specific 
screening  
393-375 * * AACCCGGTCAGCCCCTCTC 
stercloop fungus specific 
screening 
256-239 ***  GYATTATGAWTCACCAA 
Numbering as for C. elegans SSU rDNA sequence except' * ' from S. ratti sequence, 
1 *  *' from human sequence and '***' from Trichosporon cutaneum sequence. 
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PCR conditions for obtaining full length sequence from fresh tissue 
For genomic DNA, target is 1 ml of serial dilutions. For direct PCR, a single nematode 
is incubated in 5t1 WLB with protease K, overnight at 60°C. The sample is then heated 
at 950  for 1 5mm, then 2i1 of the reaction is used as a target. 
1 Oil 2mM nucleotide mix 
lOp! lOX buffer 
6jil 25mM MgCl 
2.5U Taq 
3p1 bOng/mi primer 1 
3jiI bOng/mi primer 2 
xjfl target 
XRI ddH20 to a final volume of 1 0Op! 
PCR parameters 
1 cycle 	 95°, 3 mm 
35 cycles 	 940, 1 mm 
54°, 1 min 30 sec 
72°,2min 
1 cycle 	 72°, 10 mm 
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PCR conditions for obtaining partial sequence from fresh tissue 
For partial sequence from fresh tissue or from genomic DNA extracted from fresh 
tissue. For genomic DNA, target is 1 tl of serial dilutions. For direct PCR, a single 
nematode is incubated in 5p1 WLB with protease K, overnight at 60°C. The sample is 
then heated at 95o for 1 5mm, then 2il of the reaction is used as a target 
5p1 2mM nucleotide mix 
5j.il lox buffer 
3j.tl 25mM MgC1 
l.5U Taq 
1.5iil lOOng/ml primer 1 
1 .5.tl bOng/mi primer 2 
xpi target 
xd ddH20 to a final volume of 50j.tl 
PCR parameters 
1 cycle 	 95°, 3 mm 
35 cycles 	 94°, 1 mm 
54°, 1 mm 
72°, 1 mm 
1 cycle 	 72°, 10 mm 
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PCR conditions for obtaining partial sequencefromformalinfixed tissue 
Target is ipi of Nucleon extracted DNA. 
2.5jil 2mIvI nucleotide mix 
2.5.t1 lOX buffer 
1.5jtl 25mM MgCl 
1U Taq 
0.8p1 bOng/mi primer 1 
0.8pi bOng/mi primer 2 
1 j.tl target 
xpi ddH20 to a final volume of 25g1 
Typical PCR parameters 
1 cycle 	 950, 3 mm 
35 cycles 	 94°, 1 mm 
540 1 min 30 sec 
72°, 2 mm 
1 cycle 	 72°, 10 mm 
Conditions were varied with respect to cycling times (940,  30 sec-i mm, 720, 30 sec-2 
mm) and Mg (1-3 mM) concentration to optimise each reaction 
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Colony PCR conditions 
Colonies picked for screening were boiled for 10 min in 10tl H20. ijil of this formed 
the target for PCR 
1 .Opi 2mM nucleotide mix 
1 .Ojil i ox buffer 
0.6pi 25mM MgCl 
0.1U Taq 
0.3p1 lOOng/mi primer 1 
0.3j.il lOOngIml primer 2 
1 p1 target 
xt1 ddH20 to a final volume of 1 Opi 
Typical PCR parameters 
1 cycle 
	 950, 3 mm 
35 cycles 
	
940 1 mm 
540 1 mm 
72°, 1 mm 
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PCR conditions for obtaining partial sequence from fresh tissue 
For partial sequence from fresh tissue or from genomic DNA extracted from fresh 
tissue: 
5fl 2mM nucleotide mix 
5jil i OX buffer 
3jil 25mM MgCl 
l.5U Taq 
1.5jtl lOOng/mi primer 1 
1.5p1 lOOng/mi primer 2 
xj.il target 
xjil ddH20 to a final volume of 50jtl 
PCR parameters 
1 cycle 	 950, 3 mm 
35 cycles 	 940, 1 mm 
540 1 mm 
72°, 1 mm 
1 cycle 	 72°, 10 mm 
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Buffers and solutions 
LB 	Tryptone lOg 
Yeast extract 5g 
NaCl 5g 
H20 to IL 
TE(pH 8.0) 10mM Tris/Ci (pH8.0) 
1mM EDTA 
GTES 	100mM glycine 
10mM Tris/Ci (pH 8.0) 
1mM EDTA 
0.05% SDS 
3M Na acetate pH 5.2 
Dissolve 40.824g in little H20, adjust pH to 5.2 with glacial acetic acid and add 
H20 to lOOmi 
5X TBE 	Tris base 	54g 
Boric acid 27.5g 
50mM EDTA 20m1 
H20 to IL 
ABI loading buffer 
50mg/mi Dextran blue 
25mM EDTA 
Worm lysis buffer (WLB) (Peter Hunt) 
NaCl 100mM 





Reagent B (Nucleon) 
Tris/Ci 	 400mM 
EDTA 60mM 
NaCI 	 150mM 
SDS 1% 
Adjust pH to 8.0 using 40% NaOH 
Formalin solution 	8% formalin 
2% glycerin 
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Appendix A2 	Computational methods 
Sequencing was carried out on an ABI 377 automated sequencer (Perkin Elmer) using 
an ABI dye terminator kit (Perkin Elmer). Sequences checked using Sequence Analysis 
(Perkin Elmer) 
Overlapping sequences were assembled using AssemblyLign and analysed using 
MacVector (Oxford Molecular group) MacVector was used to construct Pustell DNA 
matrix plots, using the default parameters (window size: 30, mm % score: 65, hash 
value: 6, jump: 1, both strands) and to assess pairwise and multiple sequence identities 
All phylogenetic analysis was carried out using PAUP version 4.Ob2a, an excellent 
program written by David L. Swofford (Swofford 1998). Statistical analysis was 
carried out using PAUP and Modeltest version 1.0 (Posada 1998), and Likelihood ratio 
testing using Modeltest. Local rearrangment of branches was carried out using 
MacClade version 3.05 (Maddison and Maddison, 1991), to test for more 
parsimonious reconstructions and also to effect different topologies for likelihood ratio 
testing 
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Settings for phylogenetic analysis which were applied to all datasets 
Maximum Parsimony 
Optimality criterion = maximum parsimony 
Gaps are treated as "missing" 
Multistate taxa interpreted as uncertainty 
Starting tree obtained via stepwise addition 
Addition sequence: random 
Number of replicates = 10 
Number of trees held at each step during stepwise addition = 1 
Branch-swapping algorithm: tree-bisection-reconnection (TBR) 
Steepest descent option not in effect 
No more than 10 trees of score (length) greater than or equal to 2 will be saved in 
each replicate 
Initial 'MaxTrees' setting = 100 
Branches collapsed (creating polytomies) if maximum branch length is zero 
'MulTrees' option in effect 
Topological constraints not enforced 
Trees are unrooted 
Neighbor-Joining 
Optimality criterion = minimum evolution 
Ties (if encountered) will be broken systematically 
Distance measure = LogDetlparalinear 
(Tree is unrooted) 
Maximum Likelihood 
Optimality criterion = maximum likelihood 
Molecular clock not enforced 
Trees with approximate likelihoods 5% or further from the target score are 
rejected without additional iteration 
-In L (unconstrained) 
Branch-swapping algorithm: tree-bisection-reconnection (TBR) 
Initial swapping on 1 tree already in memory (the starting tree) 
Steepest descent option not in effect 
Initial 'MaxTrees' setting = 100 
Branches collapsed (creating polytomies) if branch length is less than or equal to 1 e-08 
'MulTrees' option in effect 
Topological constraints not enforced 
Trees are unrooted 
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Parameters for phylogenetic analysis by chapter 
CI= consistency index, RI= retention index, RC= resealed consistency index, 
HI= homoplasy index. For descriptions of these values see Ch. 8 
Chapter 8 
1257 characters are constant 
344 variable characters are parsimony-uninformative 





Estimated value of proportion of invariable sites = 0.4038 17 
Estimated value of gamma shape parameter = 0.573502 
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Chapter 9 
1437 characters are constant 
259 variable characters are parsimony-uninformative 





Estimated value of proportion of invariable sites = 0.482733 
Estimated value of gamma shape parameter = 1.053721 
Chapter 10 
1895 characters are constant 
186 variable characters are parsimony-uninformative 





Estimated value of proportion of invariable sites = 0.669543 
Estimated value of gamma shape parameter = 1.524793 
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Chapter 11 
1155 characters are constant 
263 variable characters are parsimony-uninformative 





Estimated value of proportion of invariable sites = 0.341969 
Estimated value of gamma shape parameter = 0.944013 
RM 
Chapter 12 
1333 characters are constant 
293 variable characters are parsimony-uninformative 





Estimated value of proportion of invariable sites = 0.411628 
Estimated value of gamma shape parameter = 1.184057 
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Chapter 13 
300 characters are constant 
76 variable characters are parsimony-uninformative 





Estimated value of proportion of invariable sites = 0.324770 
Estimated value of gamma shape parameter = 2.044360 
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Chapter 14 
1397 characters are constant 
294 variable characters are parsimony-uninformative 





Estimated value of proportion of invariable sites = 0.437229 
Estimated value of gamma shape parameter = 1.270814 
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Chapter 15 
1362 characters are constant 
294 variable characters are parsimony-uninformative 





Estimated value of proportion of invariable sites = 0.235511 
Estimated value of gamma shape parameter = 0.909323 
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Chapter 16 
397 characters are constant 
41 variable characters are parsimony-uninformative 





Estimated value of proportion of invariable sites = 0.193919 
Estimated value of gamma shape parameter = 0.717844 
04991 
Chapter 17 
405 characters are constant 
87 variable characters are parsimony-uninformative 





Estimated value of proportion of invariable sites = 0.000000 
Estimated value of gamma shape parameter = 0.776668 
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